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FOREWORD 


This  Interim  Engineering  Progress  Report  covers  the  work  performed  under 
Contract  AF  33(657)-8910  from  10  October  1962  to  10  January  1963.  It  is 

PUBLISHED  FOR  TECHNICAL  INFORMATION  ONLY  AND  DOES  NOT  NECESSARILY  REPRE¬ 
SENT  THE  RECOMMENDATION,  CONCLUSIONS  OR  APPROVAL  OF  THE  AlR  FORCE. 

This  contract  with  the  Northrop  Corporation,  Norair  Division,  Hawthorne, 
California,  was  initiated  under  Manufacturing  Methods  Project  7-937a.  It 
IS  being  accomplished  under  the  technical  direction  of  Mr.  B.  E.  Price  of 
THE  Fabrication  Branch  (ASRCTF)  Manufacturing  Technology  Laboratory  and 
Mr.  P.  P.  Plank,  Structural  Research  Branch  (ASRMDS-21 )  Flight  Dynamics 
Laboratory,  Aeronautical  Systems  Divisions,  WrI ght-Patterson  Air  Force 
Base,  Ohio. 

Closely  related  efforts  are  covered  under  ASD  Project  7-937  "Manufacturing 
Methods  and  Design  Procedures  of  Brazed  Refractory  Metal  Honeycomb  Sandwich 
Panels". 

Mr.  D.  B.  Hugill  of  Norair’s  Manufacturing  Research  and  Development  Group 

WAS  THE  ENGINEER  IN  CHARGE.  MaJOR  CONTRIBUTIONS  TO  THE  EFFORT  WERE  MADE 

BY  Messrs.  P.  W.  Warren  and  R.  A.  Bri dwell  of  the  Manufacturing  Research 
AND  Development  Group;  Messrs.  J.  D.  Revell,  D.  R.  Apodaca  and  J.  L. 
Malakoff,  Structures  Analysis;  and  Mr.  A.  H.  Freedman,  Material  Sciences 
Laboratory.  Contractor  has  assigned  Report  NOR  63-13  for  internal  identi¬ 
fication. 

This  Project  has  been  carried  out  as  part  of  the  Air  Force  Manufacturing 
Methods  Program.  The  primary  objective  is  to  develop,  on  a  timely  basis, 

MANUFACTURING  PROCESSES,  TECHNIQUES  AND  EQUIPMENT  FOR  USE  IN  ECONOMICAL 
PRODUCTION  OF  USAF  MATERIALS  AND  COMPONENTS.  ThIS  PROGRAM  ENCOMPASSES  THE 
FOLLOWING  TECHNICAL  AREAS! 

Refractory  metals,  rolled  sheet  and  foil,  component  fabrication, 

FORMING,  JOINING  (bRAZING,  WELDING,  DIFFUSION  BONDINg),  METALS 
REMOVAL,  PROTECTIVE  COATINGS,  CLEANING. 

Your  comments  are  solicited  on  the  potential  utilization  of  the  information 

CONTAINED  HEREIN  AS  APPLIED  TO  YOUR  PRESENT  OR  FUTURE  PRODUCTION  PROGRAMS. 

Suggestions  concerning  additional  Manufacturing  Methods  Development  required 
ON  this  or  other  subjects  will  be  appreciated. 


ABSTRACT 


QUARTZ  LAMP  RADIANT  HEAT  BRAZING  OF 
LARGE  REFRACTORY  METAL  HONEYCOMB  SANDWICH  PANELS 

D.  B.  Hug  ILL 
ET  AL. 

Northrop  Corp. ,  Norair  Division 


This  project  is  planned  to  develop  manufacturing  methods  and  design 
criteria  for  refractory  metal  brazed  sandwich  structures  of  sufficient 

SIZE  TO  BE  PRACTICAL  FOR  AEROSPACE  VEHICLES.  ThE  QUARTZ  LAMP  RADIANT 
HEATING  SYSTEM  WILL  BE  USED.  INVESTIGATION  HAS  DEMONSTRATED  THAT  DIF¬ 
FUSION  BONDED  HONEYCOMB  CORE  CAN  BE  PRODUCED  AND  THAT  SUCCESSFUL  BRAZ¬ 
ING  CAN  BE  ACCOMPLISHED  UNDER  TIME,  TEMPERATURE,  AND  INERT  GAS  ATMOS¬ 
PHERE  CONDITIONS  REPRESENTATIVE  OF  THE  QUARTZ  LAMP  RADIANT  BRAZING 
SYSTEM. 


Thermal  flux  data  are  presented  for  a  hypothetical  re-entry  pattern 
AT  500,000  FOOT  ALTITUDE,  -7*  FLIGHT  ANGLE  AT  ESCAPE  VELOCITY.  It 
IS  SHOWN  THAT  MAXIMUM  SURFACE  TEMPERATURES  OF  3000*F  ARE  REACHED  UNDER 
SUCH  A  RE-ENTRY  PATTERN. 


Sound  diffusion  bonds  for  honeycomb  core  manufacture  can  be  made  from 
2  MIL  D-36  and  TZM  foil  using  a  30  micro-inch  or  greater  deposit  of 

TITANIUM  AS  AN  INTERFACE  AGENT.  No  RECRYSTALLIZATION  OF  THE  TZM  ALLOY 
occurs  from  the  BONDING  CYCLE. 


RECRYSTALLIZATION  studies  ON  TZM  SHOW  that  a  Nortobraze  cycle  of  2400*F 
WILL  LIMIT  RECRYSTALLIZATION  EFFECTS  TO  THE  EXTENT  THAT  SATISFACTORILY 
DUCTILE  STRUCTURAL  PANELS  WILL  RESULT. 
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1.  INTRODUCTION 


The  purpose  of  this  program  is  to  utilize  data  which  has  resulted  from 
CLOSELY  related  ASD  projects  to  establish  and  develop  the  design,  manu¬ 
facturing  METHODS  and  processes  AND  THE  FABRICATION  TECHNIQUES  FOR  QUARTZ 
LAMP  BRAZING  OF  LARGE  REFRACTORY  METAL  HONEYCOMB  SANDWICH  PANELS.  ThE 
PANELS  ARE  TO  BE  SUITABLE  FOR  APPLICATION  ON  AEROSPACE  VEHICLES  AS  EITHER 
HOT  STRUCTURE  OR  HEAT  SHIELDS.  INSOFAR  AS  POSSIBLE  THE  MATERIALS  CHOSEN, 

THE  PANEL  DESIGN,  AND  BRAZING  AND  PROCESSING  CRITERIA  WILL  BE  PREDICATED 
ON  THE  RELATED  PROJECT  RESULTS. 

The  PROGRAM  IS  NOW  IN  Phase  J  of  a  three-phase  program:  Phase  I,  prelim¬ 
inary  Studies;  Phase  II,  Panel  Manufacturing  and  Testing;  and  Phase  III, 

Test  Analysis. 

Phase  I  consists  of  preliminary  analysis  and  studies  necessary  for  the 
design,  manufacture  and  testing  of  large  HONEYCOMB  PANELS  AND  INCLUDES: 

(l  )  materials  EVALUATION,  SELECTION  AND  PROCUREMENT;  (2)  PRELIMINARY 
STRUCTURAL  DESIGN  AND  ANALYSIS  STUDIES  TO  ESTABLISH  TEST  PANEL  CONFIGURA¬ 
TION  AND  TO  PREDICT  THERMAL  RESPONSE;  (S)  DETERMINATION  OF  BRAZE  ALLOYS 
TO  BE  USED  ON  THIS  PROGRAM;  (4)  MANUFACTURING  PROCESS  STUDIES  TO  DEVELOP 
PROCEDURES  FOR  FABRICATION,  CLEANING  AND  ASSEMBLY  OF  PANEL  DETAILS  AND 
FOR  BRAZING  THE  TEST  PANELS;  (S)  MANUFACTURE  OF  DIFFUSION  BONDED  MOLYBDENUM 
AND  COLUMBIUM  HONEYCOMB  CORE;  AND  (6)  EVALUATION  OF  ENVELOPE  MATERIALS 
AND  PROTECTIVE  COATINGS  TO  FUNCTION  FOR  THE  DURATION  OF  THE  BRAZING  CYCLE. 

Phase  II  of  the  program  consists  of  the  fabrication  and  testing  of  the 

HONEYCOMB  SANDWICH  PANELS.  DURING  THIS  PHASE  ALL  FABRICATION,  ASSEMBLY 
AND  TEST  TOOLING  WILL  BE  COMPLETED,  AND  ALL  TEST  PANEL  COMPONENTS  WILL 
BE  FABRICATED,  ASSEMBLED  AND  BRAZED.  ThE  COMPLETED  PANELS  SELECTED  FOR 
ELEVATED  TEMPERATURE  TESTING  WILL  BE  COATED  AND  TESTED  IN  AIR  AT  TEMPERA¬ 
TURES  REPRESENTATIVE  OF  RE-ENTRY  CONDITIONS  TO  ESTABLISH  STRUCTURAL  STRENGTH 
AND  THERMAL  RESISTANCE.  OTHER  UNCOATED  PANELS  WILL  BE  DESTRUCTIVELY  TESTED 
AT  ROOM  TEMPERATURE.  UsABLE  PORTIONS  OF  THESE  PANELS  WILL  BE  CUT  INTO 
SPECIMENS  AND  TESTED  AT  ELEVATED  TEMPERATURES  IN  A  PROTECTIVE  ATMOSPHERE 
TO  DETERMINE  MATERIAL  AND  HONEYCOMB  PROPERTIES  INCLUDING  SONIC  FATIQUE. 

Phase  III  consists  of  analysis  and  evaluation  of  test  data  to  determine 

PANEL  STRENGTH,  THERMAL  CHARACTERISTICS,  DIMENSIONAL  STABILITY  AND  MANU¬ 
FACTURING  RELIABILITY  EMPLOYING  THE  SELECTED  MATERIALS  AND  DESIGN  CONCEPTS. 

Procedures  will  be  developed  for  the  initial  design  of  sandwich  components 
UTILIZING  formulas  AND  CHARTS  PRESENTED  IN  TERMS  OF  GENERAL  PARAMETERS 
BASED  ON  PANEL  DIMENSIONS  AND  MATERIAL  PROPERTIES. 
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2,  SUMMARY 


This  program  is  now  in  Phase  I  with  the  major  portions  or  panel  analysis, 

RE-ENTRY  CORRIDOR  HEAT  FLUX  STUDIES  AND  BRAZE  ALLOY  INVESTIGATION  COMPLETE. 

Panel  design  for  both  the  heat  shield  and  the  structural  applications  is 

COMPLETE  AND  DETAIL  DRAWINGS  HAVE  BEEN  SUBMITTED  TO  ASD  FOR  APPROVAL. 

During  this  period  it  has  been  demonstrated  that  the  use  of  foil  gage 

TITANIUM  INTERFACE  MATERIAL  FOR  DIFFUSION  BONDED  D-36  AND  TZM  HONEYCOMB 
CORE  NODES  CAN  BE  SUCCESSFULLY  REPLACED  WITH  MICRO-INCH  DEPOSITS  OF  THE 
SAME  MATERIAL.  ThE  RESULTANT  BOND  STRENGTH  IS  HIGH  AND  IN  SUBSEQUENT 
BRAZING  OPERATIONS  THE  MICRO-FILM  BOND  SHOULD  PROVE  SUPERIOR  TO  THE  FOIL 
GAGE  BOND. 

Installation  of  the  additional  power  transformers  required  for  the 

BRAZING  OF  panels  IN  PHASE  II  OF  THE  PROGRAM  HAS  BEEN  DELAYED  PENDING 

RECEIPT  OF  Air  Force  approval  for  the  necessary  transformer  modifications 
AND  installation.  SCHEDULES  HAVE  BEEN  REVISED  TO  INITIATE  THE  PHASE  I 
BRAZING  PROGRAM  WITHOUT  FURTHER  WAITING  FOR  A  FINAL  DECISION  ON  THIS 
MATTER. 
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PROGRAM  REVIEW  AND  DISCUSSION 


A.  MATERIALS  PROCUREMENT  AND  EVALUATION 

1.  Procurement 


The  materials  to  be  used  in  this  program  are  those 
AF  33(657)-7276  (Reference  1^.  This  selection  was 

BIUM  ALLOY  D-^6  (CB- 10T I -5Zr )  AND  MOLYBDENUM  ALLOY 

Facing  sheet  gages  of  .008  and  .012  are  to  be  used 
FO I L  GAGE  OF  .002, 


selected  under  Contract 
established  as  Colum- 
TZM  (Mo-0.5Ti-0.08Zr). 

WITH  honeycomb  CORE 


The  material  gages  and  facing  sheet  sizes  involved  precluded  obtaining 

DELIVERY  FROM  THE  PRIME  SUPPLY  SOURCES  OF  THE  TWO  ALLOYS  AND  REQUIRED 
PLACEMENT  OF  ORDERS  THROUGH  REROLLING  MILLS.  RoDMEY  MeTALS  AND  FANSTEEL 

Metallurgical  Corporation  were  selected  to  supply  the  D-56  and  TZM  AuLoys 

RESPECTIVELY. 


Delivery  of  .002  foil  was  given  highest  priority  (for  use  in  fabrication 

OF  THE  HONEYCOMB  CORe)  FOLLOWED  BY  SMALL  SIZE  FACING  SHEET  GAGES  REQUIRED 
IN  TEST  BRAZING  OF  SANDWICHES  IN  THE  NORTOBRAZE  FACILITY.  By  1  DECEMBER 
1962  NoRAIR  had  RECEIVED  AND  DELIVERED  TO  HeXCEL  PRODUCTS,  INC.  (FABRI¬ 
CATOR  OF  DIFFUSION  BONDED  HONEYCOMB  CORe)  APPROXIMATELY  8  POUNDS  OF  D-56 
2  MIL  FOIL  AND  3.6  POUNDS  OF  2  MIL  TZM  FOIL.  DURING  DECEMBER  DELIVERY 
WAS  MADE  ON  THE  REMAINDER  OF  THE  INITIAL  FOIL  ORDER  FOR  D-36,  AND  APPROXI¬ 
MATELY  OF  THE  TZM  ORDER  WAS  RECEIVED.  THE  INITIAL  FOIL  ORDER  FOR  EACH 

ALLOY  WAS  BASED  ON  THE  NET  WEIGHT  OF  THE  FINISHED  HONEYCOMB  CORE  REQUIRED 
PLUS  A  NOMINAL  SCRAP  ALLOWANCE. 


Preliminary  design  analysis  developed  during  the  first  quarter's  effort 
revealed  facing  sheet  gages  and  core  depths  specified  in  the  contract 
would  result  in  less  TrlAN  OPTIMUM  PERFORMANCE  FOR  THE  PANEL  SIZES  INVOLVED. 
A  STOP  ORDER  WAS  PLACED  ON  ALL  FACING  SHEET  MATERIALS  I4  NOVEMBER  WHICH 
WAS  LIFTED  30  NOVEMBER  WHEN  ASD  AUTHORITY  WAS  GIVEN  TO  PROCEED  WITH  THE 
ORIGINAL  SKIN  GAGE  -  CORE  DEPTH  CONCEPT.  THE  EFFECT  OF  THIS  ACTION  WAS  A 
TOTAL  SET  BACK  OF  FIVE-SIX  WEEKS  FOR  READJUSTMENT  OF  ROLLING  SCHEDULES. 

These  revised  schedules  call  for  delivery  beginning  in  January  1963* 

Envelope  materials  have  been  selected  and  ordered  for  the  test  brazing  por¬ 
tion  OF  Phase  I.  Titanium  A-55  will  be  used  for  brazing  temperatures  up  to 
2700-2750°F,  Cb  F82  will  be  used  for  envelope  material  for  brazing  in  the 
2800-3200°F  RANGE.  These  materials  will  be  protected  with  oxidation  pro¬ 
tective  coatings,  development  of  which  is  covered  in  Section  C-4  of  this 

REPORT. 


From  the  braze  alloy  studies  conducted  in  Norair's  Material  Sciences 
Laboratory  it  was  determined  that  the  Nortobraze  test  brazing  program 

SHOULD  CENTER  ON  THREE  ALLOYS  OBTAINABLE  IN  FOIL  GAGE.  THESE  ARE  T|-55A, 
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Ti -13V-1 1Cr-3Al  and  L-605  Cobalt  Base  Alloy.  Minimum  quantity  orders 

WERE  PLACED  FOR  EACH  ALLOY  AND  DELIVERY  IS  SCHEDULED  TO  COINCIDE  WITH 
RECEIPT  OF  TEST  PIECE  SIZES  OF  FACING  SHEET  MATERIAL.  Fo I L  GAGE  OF  1.5 
MIL  IS  DESIRABLE  BUT  COULD  NOT  BE  OBTAINED  IN  THE  TITANIUM  ALLOY  OR  L-605 
WITHOUT  A  SPECIAL  MILL  RUN  AND  ITS  ATTENDANT  DELAY.  TwO  (2)  MIL  STOCK 
WAS  ACCEPTED  AND  WILL  BE  CHEMICALLY  REDUCED  IN  GAGE  IF  NECESSARY. 

Thermocouple  wiring  for  permanent  installation  on  the  facility  to  be  used 

FOR  THIS  PROGRAM  HAS  BEEN  PROCURED  WITH  IN-HOUSE  FUNDING.  ThIS  INSTALLA¬ 
TION  WILL  PERMIT  SHORT  THERMOCOUPLE  LEADS  FROM  THE  BRAZING  ENVELOPE  TO 
BE  PLUGGED  INTO  TERMINALS  ATTACHED  TO  THE  PART  HOLDING  FRAME. 

2.  Physical  and  Mechanical  Properties 
Material  Behavior 

It  is  recognized  that  the  utilization  of  molybdenum  AND  COLUMBIUM  ABOVE 
2000®F  INTRODUCES  MANY  PROBLEM  AREAS  FOR  SERVICE  LIFE  COMPATIBLE  WITH  THE 
CHOSEN  TEMPERATURE  PROFILE.  WHENEVER  THESE  MATERIALS  ARE  USED  BEYOND 
THIS  THRESHOLD  LIMIT,  THEY  BECOME  INCREASINGLY  SENSITIVE  TO  CERTAIN  FAC¬ 
TORS  WHICH  ARE  NOT  YET  WELL  UNDERSTOOD  OR  DEFINED,  EITHER  IN  THEORY  OR 
BY  MATERIAL  PROPERTY  DATA.  SoME  OF  THE  PHENOMENOLOGICAL  EFFECTS  DESCRIB¬ 
ING  THE  BEHAVIOR  OF  THE  PURE  METALS  ARE  SPECULATIVE.  ,ThIS  FURTHER  COM¬ 
PLICATES  BEHAVIOR  PREDICTION  OF  THEIR  ALLOYS.  SoME  OF  THE  VARIABLES 
WHICH  HAVE  A  SIGNIFICANT  EFFECT  ON  THE  BEHAVIOR  OF  THESE  TWO  MATERIALS 
ARE  DISCUSSED  IN  THE  FOLLOWING  SECTIONS. 

Effects  of  Thermal  Activation 


The  EFFECTS  OF  THERMAL  EXPOSURE  ON  THE  TENSILE  PROPERTIES  OF  THE  TZM 
MOLYBDENUM  DURING  SINGLE  OR  MULTIPLE  HEATING  CYCLES  CAN  BE  DETERMINED 
FROM  THE  CURVES  SHOWN  IN  FIGURE  1.  ThIS  INFORMATION  WILL  BE  USED  DURING 
THE  EXPERIMENTAL  PORTION  OF  THE  PROGRAM  TO  HELP  ASCERTAIN  THE  RESIDUAL 
STRENGTH  IN  THE  MATERIAL.  ThE  THERMAL  EXPOSURE  DATA  WAS  OBTAINED  FROM 

Reference  2,  and  was  subsequently  reduced  for  development  of  the  curves 

SHOWN. 

Unfortunately,  similar  data  for  the  D-36  columbium  was  not  available;  nor 
was  it  available  for  both  materials  at  elevated  temperature.  Unit  tests 
ON  coupons  to  produce  data  in  these  deficient  areas  are  currently  scheduled 
AT  Norair.  This  information  should  be  available  prior  to  the  initiation 
of  the  experimental  portion  on  panels  of  this  program,  a  limited  amount 
OF  work  in  this  area  has  already  been  completed  for  effects  of  various 
thermal  exposure  histories  on  loss  of  hardness  (DPH)  and  percent  recrystal¬ 
lization  OF  TZM  molybdenum  and  D-36  columbium  (Reference  3). 

Effect  of  Strain  Rate 


Rate  of  loading, 

PROPERT I ES  WH I CH 
ABOVE  THRESHOLD. 
GENERALLY  CAUSES 


OR  STRAIN  RATE,  HAS  GREAT  INFLUENCE  ON  THE  MECHANICAL 
GOVERN  THE  BEHAVIOR  OF  THESE  MATERIALS  AT  TEMPERATURES 
At  ROOM  TEMPERATURE,  AN  INCREASE  IN  THE  STRAIN  RATE 
ONLY  A  MODERATE  INCREASE  IN  THE  YIELD  AND  ULTIMATE 
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STRENGTH.  At  ELEVATED  TEMPERATURES,  HOWEVER,  THE  EFFECT  OF  STRAIN  RATE 
BECOMES  INCREASINGLY  GREATER  ESPECIALLY  WHEN  CREEP  DEFORMATION  PROCESSES 

(plastic  flow)  become  prevalent.  This  condition  can  markedly  affect  the 

STRUCTURAL  RESPONSE  OF  THE  MATERIAL  TO  RATE  OF  LOAD  APPLICATION  DURING  A 
GIVEN  RE-ENTRY  MISSION.  CREEP-TYPE  PROCESSES  HAVE  BEEN  DEMONSTRATED  TO 
BE  NONLINEAR  FUNCTIONS  OF  THE  APPLIED  STRESS,  TEMPERATURE  AND  ELAPSED 

TIME.  This  condition  is  further  complicated  by  temperature  differentials 

AND  THE  PRESENCE  OF  STRESS  CONCENTRATIONS. 

The  effect  of  creep  on  the  strain  rate  for  pure  molybdenum  at  3000°F  is 
SHOWN  IN  Figure  2.  Note  that  a  true  modulus  of  elasticity  at  low  strain 

RATES  IS  NOT  EVIDENT  DURING  THE  INITIAL  PORTION  OF  THE  CURVE,  AS  IT  IS  AT 
THE  HIGHER  STRAIN  RATES.  CLIMAX  MOLYBDENUM  REPORTED  THAT  THE  SHORT-TIME 
TENSILE  AND  LONG-TIME  RUPTURE  STRENGTHS  AT  JOOO^F  ARE  ONLY  ABOUT  1000  PS  I 
HIGHER  FOR  TZM  THAN  FOR  THE  UNALLOYED  FORM.  THESE  CURVES  CAN  THEREFORE 
BE  RELATED  TO  TZM  WITHOUT  SIGNIFICANT  ERROR. 

During  an  elastic  deformation  process,  the  stored  energy  is  equivalent 

TO  THE  INPUT  ENERGY;  IF  THE  ENERGY  IS  NOT  DISSIPATED,  THE  PROCESS  IS  RE¬ 
VERSIBLE.  However,  if  the  stored  energy  is  dissipated  by  a  relaxation 
PROCESS,  THE  PROCESS  IS  IRREVERSIBLE  AND  PlASTIC  FLOW  RESULTS,  IRRE¬ 
VERSIBLE  REACTIONS  CAN,  HOWEVER,  BE  MINIMIZED  BY  AVOID'NG  LOW,  STEADY 
STRAIN  RATES  AT  TEMPERATURES  ABOVE  THE  THRESHOLD  TEMPERATURE.  THUS,  IT 
IS  EVIDENT  THAT  A  LOW  STRAIN  RATE  DURING  A  RE-ENTRY  MISSION  WOULD  CAUSE 
A  PROFOUND  EFFECT  ON  THE  STRUCTURAL  RESPONSE.  IT  IS  EVIDENT  FROM  FIGURE 
3  THAT  PREDICTING  THE  QUANTITATIVE  EFFECTS  OF  STRAIN  RATE  THROUGH  A 
TRANSIENT  HEATING  SPECTRUM  WOULD  REQUIRE  A  RIGOROUS  ANALYSIS,  ( At  THIS 
WRITING,  NO  STRAIN  RATE  DATA  WAS  LOCATED  FOR  D-jS  COLUMBIUm). 

Static  Stress 


StRESS-TO-RUPTURE  test  data  can  be  USED  FOR  PREDICTING  THE  LIFE  OF  A 
MATERIAL  AT  THE  EXTREME  TEMPERATURES,  THIS  DATA  CAN  BE  FURTHER  REDUCED 
FOR  PLOTTING  WITH  A  TIME-TEMPERATURE  PARAMETER  BASED  ON  THE  ACTIVATION 
ENERGY  rate-process  THEORY.  THIS  TECHNIQUE  CAN  BE  USED  FOR  PREDICTING 
THE  RUPTURE  LIFE  OF  A  STRUCTURE  SUBJECTED  TO  EKTREME  THERMAL  EXPOSURE 
CONDITIONS.  A  NOTABLE  DISADVANTAGE  TO  THIS  APPROACH,  HOWEVER,  IS  THAT 
THE  TIME-DEFORMATION  CHARACTERISTICS,  AS  NOTED  BY  CREEP,  ARE  NOT  DEFINED 
PRIOR  TO  RUPTURE. 

Only  a  limited  amount  of  stress-to-rupture  data  was  located  for  TZM 

MOLYBDENUM  AND  0-^6  COLUMBIUM,  StRESS-TO-R UPTUR E  DATA  FOR  D-^O  COLUM¬ 
BIUM  AT  TEMPERATURES  ABOVE  2400°F  IS  NON-EXISTENT.  THEREFORE,  THE  MELT¬ 
ING  POINT  OF  THIS  ALLOY  WAS  USED  AS  THE  REFERENCE  TEMPERATURE  FOR  DEVELOP¬ 
MENT  OF  DATA  ABOVE  2400°F  AND  THE  CURVE  WAS  INTERPOLATED  BETWEEN  THESE 
TWO  TEMPERATURES.  CURVES  PRODUCED  IN  THIS  MANNER  AFFORD  A  MEANS  BY  WHICH 
THE  STRUCTURAL  RESPONSE  OF  THE  MATERIAL  TO  RUPTURE  CAN  BE  ESTIMATED  AT 
TEMPERATURES  ABOVE  2400°F. 
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As  AN  APPROACH  TO  PREDICTING  THE  RUPTURE  STRENGTH  IN  THE  TWO  ALLOYS 

(Sek  Figures  4  and  5)  the  stress-to-rupture  data  was  plotted  versus 
A  modified  Larson-Mi ller  time-temperature  parameter  as  described  by  the 

EQUATION,  &  =  T(C  4  LOG  t) ,  WHERE  T  IS  THE  ABSOLUTE  TEMPERATURE  IN  DEGREES 
RANKINE,  C  is  a  MATERIAL  CONSTANT,  AND  T  IS  THE  TIME  IN  HOURS.  THESE 
FIGURES  WERE  FURTHER  MODIFIED  BY  SUPERIMPOSING  THE  MASTER  CURVES  FOR  THE 
EXPOSURE  TEMPERATURES  (REFERENCE  4) •  WiTH  THESE  CURVES  IT  IS  POSSIBLE 
TO  DETERMINE  DIRECTLY  ANY  TIME-TEMPERATURE  COMBINATION  FOR  VARIOUS  THERMAL 
EXPOSURE  CONDITIONS. 

Recrystallization 


When  recrystallization  occurs  at  elevated  temperature  under  moderate 

STRESS,  THE  RESISTANCE  TO  CREEP  DEFORMATION  GENERALLY  DECREASES  QUITE 
RAPIDLY,  AS  ILLUSTRATED  IN  FIGURE  5*  THE  INTERCEPT  FOR  STRESS-RELIEVED 
MATERIAL  TO  RECRYSTALLIZED  MATERIAL  OCCURS  AT  APPROXIMATELY  2400°F  AFTER 
LIMITED  EXPOSURE,  FOR  TZM  MOLYBDENUM.  THE  RATE  AT  WHICH  RECRYSTALLIZA¬ 
TION  OCCURS  IS  ALSO  A  FUNCTION  OF  THE  APPLIED  LOAD,  AS  SHOWN  IN  FIGURE  6. 

Predicting  the  initiation  and  influence  of  recrystallization  on  the  struc¬ 
tural  RESPONSE  OF  COMPOSITE  HEAT  SHIELDS  IS  FURTHER  COMPLICATED  BY  OTHER 
FACTORS  AFFECTING  THE  ALLOY.  THESE  FACTORS  INCLUDE;  ALLOY  COMPOSITION 
AND  PURITY,  TYPE  AND  DEFORMATION  USED  IN  PROCESSING  THE  MATERIAL,  AND 
GRAIN  SIZES  AND  ORIENTATION, 

Edgewise  Compression  Tests 


Test  criteria  for  the  edgewise  compression  tests  of  the  structural  panels 

ARE  CURRENTLY  BEING  FORMULATED.  DETERMINATION  OF  THE  TEST  SCHEDULES  FOR 
THE  LABORATORY  EXPERIMENTS  WiLL  BE  BASED  ON  THE  STRENGTH  PROPERTIES  OF 
THE  MATERIALS  UNDER  STUDY. 

In  THESE  EXPERIMENTS  THE  LOAD  WiLL  BE  APPLIED  TO  THE  PANEL  PRIOR  TO  HEAT¬ 
ING,  AND  WILL  BE  AUTOMATICALLY  ADJUSTED  DURING  TESTING  TO  ALLOW  FOR  THERMAL 

EXPANSION.  This  will  result  in  uniform  pressure  loading.  Automatic  valves 

LOCATED  IN  THE  HYDRAULIC  PRESSES  WILL  BE  USED  TO  PERFORM  THIS  FUNCTION. 

End  fixtures  will  be  used  to  support  the  panel  and  to  prevent  la~eral 

WARPAGE  OF  THE  EDGES. 

To  PREVENT  EXCESSIVE  HEAT  LOSSES  THROUGH  TO  THE  EDGE  MEMBERS,  A  THIN 
CERAMIC  FELT  MATERIAL,  MADE  OF  ZIRCONIA  OR  A  SIMILAR  MATERIAL,  WILL  BE 
PRE-PLACED  BETWEEN  THE  CHANNELS  IN  THE  PANEL  AND  THE  END  FIXTURE  STEEL 
BARS.  It  is  BELIEVED  THAT  THIS  ARRANGEMENT  WILL  PROVIDE  SUFFICIENT 
INSULATION  TO  REDUCE  PANEL  TO  FIXTURE  HEAT  LOSS  TO  ACCEPTABLE  LEVELS. 

The  compatibility  of  each  panel  will  be  determined  in  accordance  with 

THE  RESPONSE  OF  THE  PANEL  TO  HEATING  AND  LOADING. 
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B.  DESIGN  ANALYSIS 


1.  Thermal  Response  of  the  Structure 


A.  Thermal  Response  Calculations  for  Structural  Panel  and  Heat  Shield 
FOR  A  "Typical"  Re-Entry  Trajectory 


The  statement  of  work  (Exhibit  "A")  of  the  contract  calls  for  edge 

LOADING  TESTS  OF  THE  STRUCTURAL  PANELS  FOR  TEMPERATURES  UP  TO  2500°F 
UNDER  THERMAL  GRADIENT  CONDITIONS  WHICH  ARE  COMPATIBLE.  THE  HEAT 
SHIELDS  ARE  TO  BE  SUBJECTED  TO  A  3000°F  MAXIMUM  TEMPERATURE  AND 
CYCLED  THROUGH  A  TYPICAL  RE-ENTRY  TEMPERATURE  PROFILE,  TO  BE  REPEATED 
FIVE  TIMES.  In  order  TO  MEET  THESE  REQUIREMENTS  THE  FOLLOWING  PRO¬ 
CEDURE  WAS  adopted: 


Step  (1):  Choose  a  representative  trajectory  which  will  yield  the 

DESIRED  MAXIMUM  TEMPERATURES. 


Step  (2):  Compute  trajectory  parameters  for  the  above  trajectory. 

Step  (3):  Compute  temperature-time  histories  for  heat  shield  in¬ 
sulation  -  structural  panel  arrangements  designed  to 
achieve  the  desired  maximum  temperatures  in  conjunction 
with  the  heat  flux  schedule  from  Step  (2). 


Step  (4)s  Establish  a  heat  flux  schedule  for  purposes  of  laboratory 

SIMULATION  based  ON  STEP  (3)>  AND  ESTIMATE  THE  STRUCTURAL 
PANEL  TEMPERATURE  RESPONSE  TO  THE  PROPOSED  HEATING 
SCHEDULE,  CONSIDERING  THE  LABORATORY  ENVIRONMENT. 


A  DETAILED  DISCUSSION  OF  THESE  STEPS  FOLLOWS: 

Step  (i):  Choose  a  representative  "typical"  re-entry  trajectory. 

For  THIS  PURPOSE  a  brief  literature  search  was  made,  (Ref.  5«.«10) 

AND  THE  DATA  OF  REFERENCE  (5)  (wiTH  SOME  MODIFICATIONS)  WAS  ADOPTED. 
In  THIS  Reference  trajectories  are  given  which  minimize  the  total 

AERODYNAMIC  HEAT  LEAD,  WHILE  REMAINING  WITHIN  THE  PILOT  ACCELERATION 
PULSE  TOLERANCE.  REFERENCE  (6)  GIVES  CONSIDERATION  TO  BLUNT  SWEPT 
LEADING  EDGE  LIFTING  SURFACE  STAGNATION  POINT  HEAT  TRANLFERJ  HOWEVER, 
THE  MORE  CAREFUL  ATTENTION  TO  PILOT  ACCELERATION  TOLERANCE  IN  REFER¬ 
ENCE  (5)  MAKES  IT  APPEAR  PREFERABLE.  IN  BOTH  REFERENCE  (5)  AND  (6) 
THE  LIFT  VS  DRAG  RELATIONS  ARE  BASED  ON  NEWTONIAN  AERODYNAMIC  THEORY, 
WHICH  IS  DEEMED  ADEQUATE  FOR  THE  PRESENT  PURPOSE.  (SeE  REFERENCE 

(7),  Chapter  111),  Two  classes  of  re-entry  trajectories  are  dis¬ 
cussed  IN  Reference  (5)>  1s  A  hypersonic  glider  for  a  "once- 
around-the-earth"  flight  starting  at  orbital  speed  25,900  ft/seo 
and  an  altitude  of  300,000  FT.  2:  Re-entry  from  escape 
VELOCITY  (35jOOO  ft/sec)  INITIAL  ALTITUDE,  500,000  FT;  INITIAL 
GLIDE  PATH  ANGLE,  -7°.  THIS  TRAJECTORY  IS  SUBJECTED  TO  A  PILOT 
ACCELERATION  PULSE  TOLERANCE  LIMIT.  The  ESCAPE  VELOCITY  RE¬ 
ENTRY  TRAJECTORY  WAS  CHOSEN  FOR  THE  PRESENT  STUDY  BECAUSE  IT  WAS 
FOUND  THAT  THE  "SK I P-GL I DE-ONCE- AROUND"  TRAJECTORY  YIELDS  RADI¬ 
ATION  EQUILIBRIUM  SURFACE  TEMPERATURES  BELOW  THE  5000°F  LIMIT 
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WHICH  HAS  BEEN  SET  AS  THE  MAXIMUM  FOR  THE  HEAT  SHIELD  PANEL  DEMON¬ 
STRATION.  A  DISCUSSION  OF  THE  BASIS  FOR  AERODYNAMIC  HEATING  CAL¬ 
CULATIONS,  AND  EQUILIBRIUM  TEMPERATURE  CONSIDERATIONS  FOR  THE 
"Sk I P-GL I DE-ONCE-AROUNd"  TRAJECTORY  IS  PRESENTED  IN  APPENDIX  A 
WHICH  SHOWS  AN  ESTIMATED  MAXIMUM  TEMPERATURE  OF  2300®F  (wHICH  CAN 
BE  REDUCED  TO  1900®F  WITH  A  6-FOOT  NOSE  RADlUs).  THEREFORE, 

FURTHER  TREATMENT  OF  THE  SKIP-GLIDE  TRAJECTORY  IS  NOT  PERTINENT 
AND  ATTENTION  IS  DIRECTED  TO  THE  ESCAPE  VELOCITY  RE-ENTRY  TRAJECTORY 
AS  ONE  LIKELY  TO  PRODUCE  THE  TEMPERATURE  LEVELS  OF  THE  PRESENT  RE¬ 
SEARCH  PROGRAM  AND  PROVIDE  A  RATIONAL  BASIS  FOR  ESTABLISHING  TRA¬ 
JECTORY  PARAMETERS  VS  TIME  AND,  SUBSEQUENTLY,  A  TEMPERATURE-TIME 
HISTORY. 

Step  (2):  Evaluation  of  Trajectory  Parameters 

The  escape  velocity  re-entry  trajectory  is  now  considered  for  a 

HYPOTHETICAL  HEAT  SHIELD,  INSULATION  AND  STRUCTURAL  PANEL  ARRANGE¬ 
MENT,  WHICH  IS  DESIGNED  TO  REACH  MAXIMUM  TEMPERATURES  OF  3000"F 
AND  2500®F  FOR  THE  HEAT  SHIELD  AND  STRUCTURAL  PANEL  USING  THE 
AERODYNAMIC  HEAT  FLUX  RATES  ASSOCIATED  WITH  THE  VELOCITY  ALTITUDE 
SCHEDULE  OF  REFERENCE  (S).  ThE  VELOCITY  AND  ALTITUDE  VS  TIME  IS 
SHOWN  IN  Figure  7.  The  associated  acceleration  "g"  load  factor 

DUE  TO  THE  PULL  UP  AND  THE  STAGNATION  POINT  AERODYNAMIC  HEAT  FLUX 
(based  on  CONSIDERATIONS  OF  APPENDIX  A)  ARE'  PLOTTED  IN  FIGURE  8. 

The  "g"  load  is  along  the  radius  of  curvature  of  the  flight  path; 

HENCE,  IT  IS  PERPENDICULAR  TO  THE  FLIGHT  PATH.  THEREFORE,  ITS 
EFFECT  IN  PRODUCING  PANEL  STRESSES  DEPENDS  ON  PANEL  LOCATION. 

Also  shown  in  Figure  7  is  the  stagnation  pressure  variation,  some 

FRACTION  OF  WHICH  WOULD  REPRESENT  THE  APPLIED  PRESSURE  LOADING 
FOR  A  PANEL  AT  THE  STAGNATION  POINT.  ThIS  MAXIMUM  PRESSURE  DROPS 
RAPIDLY  WITH  DISTANCE  AFT  FROM  THE  BLUNT  NOSE.  FOR  SUCH  A  TRA¬ 
JECTORY  THE  PRESENT  HEAT  SHIELD  DESIGN  LOAD  OF  1.2  PS  I  (l73  PSf) 
WOULD  BE  EXCEEDED  WITHOUT  SOME  VENTING  SYSTEM.  ThE  TRAJECTORY  OF 

Figure  7  represents  a  more  gradual  let  down  than  the  optimum  tra¬ 
jectory  OF  Reference  (5),  and  with  a  subsequent  deceleration  to 

HOLD  THE  AERODYNAMIC  HEAT  FLUX  SCHEDULE  OF  FIGURE  8.  ThIS  WOULD 
REQUIRE  A  MODIFICATION  OF  THE  ANGLE  OF  ATTACK  SCHEDULE  OF  TRA¬ 
JECTORY  OF  Reference  7  for  the  "Newtonian  glider". 

Step  (3):  Calculation  of  Temperature  Time  Histories 

For  the  chosen  trajectory  using  the  heat  flux  schedule  (approxi¬ 
mated  by  Figure  8)  the  thermal  response  was  calculated  for  a 
hypothetical  arrangement  of  the  heat  shield  insulation  (asbestos 
values  of  thermal  conductivity  from  Reference  (11),  page  382)  and 
THE  structural  PANEL.  ThE  HEAT  CAPACITY  OF  THE  THERMAL  STRUCTURE 
IS  BASED  ON  THAT  OF  THE  STRUCTURAL  PANEL  (dEPTH  =  .50  iN.j  FACE 
SHEET  THICKNESS,  .012  IN.,  CELL  SIZE,  3/l6  IN.j  FOIL  GAGE,  .002 
IN.)  FOR  BOTH  THE  STRUCTURAL  PANEL  AND  HEAT  SHIELD,  AND  THE  USE 
OF  ASBESTOS  IN  THIS  HYPOTHETICAL  ARRANGEMENT  DOES  NOT  IMPLY  THAT 
IT  COULD  BE  USED  AT  SUCH  TEMPERATURES.  ThE  PURPOSE  OF  THE  ABOVE 
SCHEME  IS  MERELY  TO  INTRODUCE  AN  APPROPRIATE  THERMAL  RESISTANCE 
ON  A  REALISTIC  BASIS  BETWEEN  THE  HEAT  SHIELD  AND  STRUCTURAL  PANEL 
SO  AS  TO  ACHIEVE  APPROXIMATELY  AND  SIMULTANEOUSLY  THE  MAXIMUM 
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TEMPERATURES  DESIRED,  AND  SUCH  THAT  THE  PREVIOUS  TEMPERATURE  VS 
TIME  HISTORY  OF  EACH  COMPONENT  CAN  BE  MEANINGFUL  IN  TERMS  OF  A 
SPECIFIC  TRAJECTORY  AND  THERMAL  CONFIGURATION  OF  THE  STRUCTURE. 

It  is  OBVIOUS  that  there  are  many  possible  thermal  protection 

ARRANGEMENTS  WHICH  COULD  BE  DEVISED  TO  ACHIEVE  THE  DESIRED  MAXI¬ 
MUM  TEMPERATURES!  FURTHERMORE,  SLIGHT  MODIFICATIONS  OF  THE 
"typical"  TRAJECTORY  WILL  ACCOMPLISH  THE  SAME  END. 

Figure  9  is  a  plot  of  the  mean  temperature-time  history  of  the 

HEAT  SHIELD,  THE  INSULATION  AND  THE  STRUCTURAL  PANEL,  CONSIDERING 
THE  ENTIRE  MASS  OF  EACH  COMPONENT  AT  THE  TEMPERATURES  T^hs^  T^i 
AND  Tmsp,  RESPECTIVELY.  FIGURE  10  SHOWS  THE  TEMPERATURE  DIFFER¬ 
ENTIAL  ACROSS  THE  STRUCTURAL  PANEL  WHICH  IS  COMMENSURATE  WITH 

Figure  9.  A  summary  of  the  geometric  and  thermal  properties  of 

THE  MATERIALS  USED  TO  COMPUTE  THESE  RESULTS  IS  GIVEN  BELOW.  (ThE 
SAME  THICKNESSES  FOR  THE  HEAT  SHIELD  AS  FOR' THE  STRUCTURAL  PANEL 
HAVE  BEEN  USED  FOR  THE  PURPOSES  OF  THERMAL  RESPONSE  ANALYSIS. 

The  HEAT  SHIELD  THERMAL  RESPONSE  WOULD  BE  SLIGHTLY  FASTER  FOR 
THE  .008"  FACE  SHEET  AND  S/S"  CORE]  HOWEVER,  THIS  DIFFERENCE 
COULD  BE' REDUCED  BY  A  CHANGE  IN  THE  INSULATION  THICKNESS  AND, 
THEREFORE,  THE  EFFECT  OF  THE  ASSUMPTIONS  LISTED  BELOW  ARE  CON¬ 
SIDERED  TO  INTRODUCE  NEGLIGIBLE  ERROR  FOR  THE  PURPOSES  INTENDED) 

Geometric  and  Thermal  Properties  of  Heat  Shield,  Insulation, 
Structural  Panel  Configuration  Cb  D-36 


1.  Heat  shield  and  structural  panel 


A. 

Face  Sheet:  .012  in.  (z  t^) 

B. 

Core  Thickness:  .50  in.  (r  t^) 

C. 

Cell  Size:  3/16  in.  (z  sc) 

D. 

Core  foil  gage:  .002  in.  (z  Tj.|-) 

E. 

Material:  Cb  D-36  (density  pg  z  -29  lb/in^ 

) 

F. 

Core  solid  area  ratio:  (A^/Ay)  z  .0163 

G. 

Panel  Weight/square  ft.:  w/^  =  ^Tp  +  t^  '^C 

L  Ay] 

f)G  z  1.338  lb/ft^ 

2.  Material  Properties  Cb  D-36 

A.  Thermal  conductivity  at  2500®F; 


Kgp  z  42  Btu 


=  1.167  X  10-2 
hr.ft2  {®F/ft)  sec.ft2  (“F/ft) 


(Reference  14,  page  25) 

B.  Specific  heat:  C  z  .074  Btu 

LB.  “F 
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3.  Insulation  Material  ("Asbestos"  type) 

A.  Thermal  conductivity: 

K I  =  .  23  Btu  =  . 64  X  1 0“^  Btu 

HR.FT^  {®F/ft)  sec. FT^  (°F/ft) 

(extrapolated  FROM  DATA  OF  REFERENCE  8,  PAGE  382) 

B.  Density:  g/»i  -  29,3  lb./ft3 

c.  Specific  Heat:  C|  s  .15  Btu 

LB.*r  (estimate) 

Basis:  typical  range 

Metals:  .03  <C  <.l  Btu 

LB.  “F 

Gases:  .2  <  C  <  .4 
Liquids:  .2  <  C  <1.0 

(Asbestos  is  considered  a  silica  and  air  mixture) 

D.  Insulation  resistance  parameter: 

R|  =  fill  -  43.8“F _ 

2k 1  Btu/sec.  ft^ 

E,  Insulation  thickness:  AZ|  s  .0562  ft.  s  ,675  in. 

The  method  of  calculating  thermal  response  is  given  in  Appendix 
B.  From  Figure  9  it  is  determined  that  a  maximum  temperature  of 
about  3500°R  (3040®F)  is  achieved  for  the  heat  shield  panel;  how¬ 
ever,  THE  ESTIMATED  HEAT  FLUX  VS  TIME  SCHEDULE  OF  FIGURE  8  PRODUCES 
A  STRUCTURAL  PANEL  AVERAGE  TEMPERATURE  OF  ABOUT  2760®R  (2300“F), 
SOMEWHAT  BELOW  THE  TARGET,  BUT  CLOSE  ENOUGH  TO  REGARD  THE  HISTORY 
AS  HAVING  A  REALISTIC  BASIS  IN  A  RE-ENTRY  SITUATION.  THEREFORE, 
FURTHER  ADJUSTMENTS  OF  THE  HEAT  FLUX  (viA  THE  TRAJECTORY)  OR  HEAT 
INSULATION  SCHEME  ARE  NOT  CONSIDERED  NECESSARY. 


From  Figure  10  the  maximum  temperature  gradient  across  the  panel 
IS  found  to  occur  early  in  the  trajectory  when  the  upper  surface 
HAS  responded,  but  little  heat  has  been  transferred  to  the  lower 
SURFACE  BY  radiation  (thE  DOMINANT  MODE  AT  HIGH  TEMPERATURES)  DUE 
TO  THE  LOW  EARLY  TEMPERATURES,  AND  THE  INEFFECTIVENESS  OF  THE  LOW 
SOLIDITY  CORE  (Ac/AW  =  .016)  IN  TRANSFERRING  HEAT  BY  CONDUCTION. 


2. 


Thermal  Response  of  Structural 


TiONS  CStep  4J 


Panel  Under  Laboratory  Simulation 


Figure  11  displays  the  estimated  thermal  response  of  the  structural  panel 

WHEN  EXPOSED  TO  A  QUARTZ  LAMP  RADIANT  HEAT  FLUX  SCHEDULE  DEPICTED  IN  FIGURE 
12b,  in  what  is  DESIGNATED  AS  A  "sLOw"  HEATING  SCHEDULE  (DESIGNED  TO  HOLD 
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the;  diffe;rential  tetmperature;  between  the  upper  and  lower  surface  to 
150*F,  The  temperature  differential  under  these  conditions  is  shown 
IN  Figure  12a).  Figure  14  shows  the  temperature  differential  across 

THE  PANEL  TO  A  "rAPId"  HEATING  SCHEDULE,  WHERE  THE  TIME  RATE  OF  CHANGE 
OF  HEAT  FLUX  IS  .35  BTu/fT.^  sEC.^  oR  2,57  WATTs/lN.^  PER  SECOND  FOR 
THE  FIRST  100  SECONDS.  ThIS  ATTENDANT  TEMPERATURE  DIFFERENTIAL  REACHES 
A  PEAK  OF  ABOUT  400®F.  AT  T  =  20  SEC.  FIGURE  15  SHOWS  A  COMPARISON  OF 
THE  FLIGHT  RE-ENTRY  RESPONSE  AND  THE  POSSIBLE  LABORATORY  "sLOw"  AND 

"rapid"  heating  schedules.  Also  shown  are  reference  temperature  vs 
TIME  RATES  FROM  10“F/sEC.  TO  40°F/sEC.  ThESE  CURVES  ARE  BASED  ON  THE 
FOLLOWING  assumptions: 

(1 )  The  back  side  is  a  perfect  radiation  reflector. 

(2)  The  heat  losses  are  by  free  convection  from  both  sides  of  a 

VERTICAL  PLATE.  FOR  A  VERTICAL  PLATE  OF  LENGTH  GREATER  THAN 

ONE  FOOT,  Reference  8,  page  242,  gives  the  following  relation 

FOR  THE  HEAT  TRANSMISSION  LOSS  COEFFICIENT,  He,  TO  THE  AIR: 


hcL  0.548 

L3  ^2(Ty_Tjr 

1/4 

«A 

^  K^A 

^a2Ta  i 

(2.1) 

WHERE  "a"  DENOTES  PROPERTIES  OF  AIR  AT, AMBIENT  TEMPERATURE 


z  VISCOSITY  OF  AIR,  LB  SEc/fT^ 

K  s  THERMAL  CONDUCTIVITY  OF  AIR  Btu/hR  FT^  (®F/ft) 

L  r  HEIGHT  OF  VERTICAL  PLATE,  FT. 
p  s  DENSITY  OF  AMBIENT  AIR,  SLUGS  FT^ 

■  AMBIENT  AIR  TEMPERATURE  “R 
Ty  r  PANEL  SURFACE  TEMPERATURE  "R 
AND 

He  =  «ca/  (Tw-TJ  (2.2) 

WHERE  (Reference  8,  page  242) 

^CA  ■  CONVECTIVE  HEAT  LOSS  RATE  Btu/hR  FT^ 

Ft2 

H(.  =  CONVECTIVE  HEAT  TRANSFER  COEFFICIENT  Btu/hR  FT^  "F 
For  air  at  low  temperatures.  Equation  (2.1)  is  approximated  by 
He  =  0.27  (AT)°-^^j  L  >  1  FT.  (2.3) 
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(3)  Half  of  the  thermal  mass  of  the  core  is  lumped  with  each  face 

SHEET  AND  ALL  THE  REMAINING  ASSUMPTIONS  OF  APPENDIX  B. 

In  examining  Figures  11  to  15  observe  that  the  maximum  heat  flux  rate 
ASSUMED  IS  35  Btu/sec  ft2  -  257  watts/in. The  laboratory  capability 
IS  ESTIMATED  TO  BE  200  WATTs/sQ.  IN.  FOR  SHORT  TIME  (pOSSIBLY  5  TO  10 
minutes).  In  Figure  8  the  re-entry  simulation  requires  maintenance  of 

MAXIMUM  HEAT  FLUX  FOR  ONLY  ABOUT  20  SECONDS,  AND  THEREFORE  THE  50^  OVER¬ 
LOAD  SHOULD  BE  TOLERABLE  FOR  THAT  PERIOD. 

3.  Analytic  Study  of  Ultimate  Compressive  Failure  Loads 

Utilizing  the  analysis  presented  in  Appendix  C,  the  calculations  to  deter¬ 
mine  THE  ULTIMATE  COMPRESSIVE  FAILURE  LOAD  FOR  THE  24"  X  36"  STRUCTURAL 
PANELS  WERE  MADE.  FIGURES  16  AND  17  SHOW  THE  RESULTS  OF  THIS  ANALYTIC 
STUDY  AND  EMPHASIZE  THE  DEPENDENCY  OF  THE  ULTIMATE  LOAD  ON  THE  TEMPERATURE 
DIFFERENTIAL  BETWEEN  THE  UPPER  AND  LOWER  FACES  OF  THE  REFRACTORY  HONEYCOMB. 

For  these  cases  the  full  panel  size  was  used  in  the  equations  of  Appendix  C. 

For  both  the  TZM  Molybdenum  and  the  D-36  Columbium  panels  the  same  trends 
EXIST.  Initially  the  ultimate  compressive  failure  load  increases  with 
increasing  temperature  differential.  This  is  due  to  the  movement  of  the 
load  line  toward  the  lower  surface  or  colder  side  with  increasing  thermal 

ECCENTRICITY.  ThE  INCREASE  IN  STRENGTH  ALLOWABLE  WITH  DECREASE  IN  TEMPERA¬ 
TURE  ALLOWS  FOR  THE  GREATER  LOAD.  As  THE  THERMAL  ECCENTRICITY  INCREASES, 

A  POINT  IS  REACHED  WHERE  THE  LOWER  FACE  SHEET  IS  NO  LONGER  THE  CRITICAL 
MEMBER.  At  THIS  POINT,  FAILURE  OF  THE  UPPER  SHEET  IN  TENSION  DETERMINES 
THE  ALLOWABLE  LOAD  AND  AN  INCREASE  IN  CURVATURE  PAST  THIS  POINT  CAUSES  A 
DECREASE  IN  THE  ALLOWABLE  COMPRESSIVE  LOAD. 

Also  seen  in  Figure  16  is  the  change  in  allowable  compressive  load  with  a 

DECREASE  IN  THE  THICKNESS  OF  THE  CORE.  In  GENERAL,  THE  ALLOWABLE  DECREASES 
WITH  THICKNESS  OF  CORE.  In  ADDITION,  THE  SHIFT  FROM  FAILURE  IN  COMPRESSION 
OF  THE  LOWER  SHEET  TO  FAILURE  IN  TENSION  OF  THE  UPPER  SHEET  OCCURS  AT  A 
SMALLER  TEMPERATURE  DIFFERENTIAL  AS  THE  CORE  THICKNESS  DECREASES.  ThIS 
OCCURS  SINCE  THE  THERMAL  ECCENTRICITY  NECESSARY  TO  SHIFT  THE  LOAD  LINE  OUT¬ 
SIDE  THE  SECTION  DECREASES  WITH  DECREASING  CORE  THICKNESS. 

For  the  panels  being  built,  i.e.,  as  suggested  by  ASD  in  the  work  statement, 
THE  ultimate  compressive  LOAD  ALLOWED  IN  THE  STRUCTURE  WILL  BE  THAT  AS  CAL¬ 
CULATED  FOR  NO  TEMPERATURE  DIFFERENTIAL  BETWEEN  UPPER  AND  LOWER  SURFACES, 
PROVIDED  THE  TEMPERATURE  DIFFERENTIAL  AT  THE  PANEL  CENTER  NEVER  EXCEEDS 
400®F  FOR  THE  D-36  AND  500®F  for  the  TZM. 

4.  Panel  Design 

During  this  period  engineering  drawings  were  prepared,  establishing  the 

DESIGN  OF  THE  PLANNED  HONEYCOMB  PANELS.  PRELIMINARY  DISCUSSION  OF  THESE 
DESIGNS  WAS  ACCOMPLISHED  EARLY  IN  DECEMBER  AND,  UPON  COMPLETION  OF  THE 
DRAWINGS,  THEY  WERE  SUBMITTED  FOR  ASD  APPROVAL.  A  POLICY  DECISION  WAS 
REQUIRED  IN  ORDER  TO  PROCEED  WITH  THE  DESIGNS  BECAUSE  THE  ENGINEERING 
investigation  indicated  that  PANELS  CONSTRUCTED  TO  THE  DIMENSIONS  AND  SKIN 
GAGES  ESTABLISHED  IN  THE  STATEMENT  OF  WORK  WOULD  NOT  BE  OF  OPTIMUM  STRUCTURAL 
DESIGN  AND  WOULD,  THEREFORE,  FAIL  AT  A  LOADING  CONDITION  BELOW  THE  TARGET 
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FIGURES  AS  DEFINED  IN  THE  STATEMENT  OF  WORK.  OPTIMUM  DESIGNS  WERE  EVOLVED 
FOR  THE  PRESCRIBED  LOADING  CONDITIONS;  HOWEVER,  THESE  DESIGNS  WOULD  NECES¬ 
SARILY  DEVIATE  CONSIDERABLY  FROM  THE  PRESCRIBED  PANEL  THICKNESS  AND  SKIN 

GAGES.  Adoption  of  an  optimum  design  would  have  resulted  in  a  considerable 

INCREASE  IN  MATERIALS  COST. 

In  CONFERENCE  WITH  ASD  PROJECT  ENGINEER,  B.  E.  PRICE,  IT  WAS  ESTABLISHED 
THAT  THE  PANEL  DESIGN  WOULD  CONFORM  WITH  ORIGINALLY  ESTABLISHED  PANEL 
THICKNESSES  AND  SKIN  GAGES  GIVEN  IN  THE  STATEMENT  OF  WORK.  ThE  DATA  DE¬ 
RIVED  FROM  THE  TESTING  PROGRAM  WILL  BE  ANALYZED  TO  ESTABLISH  PREDICTED 
PERFORMANCE  OF  AN  OPTIMUM  DESIGN  FOR  EACH  MATERIAL  AND  PANEL  CONFIGURATION. 

The  panel  designs  incorporate  certain  objectives  intended  to  produce  the 
MOST  usable  structures. 

1.  For  both  alloys,  D-36  and  TZM,  the  honeycomb  core  material  is 
required  to  be  diffusion  bonded  by  a  process  WHICH  involves  no 
temperatures  above  the  recrystallization  point  for  the  material. 

The  resulting  core  retains  maximum  ductility  and  toughness. 

2.  The  heat  shield  panel  design  achieves  a  simple  telescope  fit 

BETWEEN  THE  INNER  AND  OUTER  SKINS  FOR  PURPOSES  OF  ACCOMPLISHING 
EDGE  SEAL  BY  BRAZING.  ThE  DESIGN,  HOWEVER,  RETAINS  THE  DESIRABLE 
UNOERLAP  -  OVERLAP  ARRANGEMENT  WHICH  CAN  BE  ORIENTED  FAVORABLY 
TO  THE  AIR  FLOW  DIRECTION. 

3.  The  supporting  clip  details  for  the  heat  shield  panels  are  designed 

FOR  MACHINING  SO  THAT  THE  BRAZED  JOINTS  ARE  HELD  TO  A  MINIMUM  AND 
SO  THAT  NO  WELDING  IS  REQUIRED  IN  THE  DETAIL. 

4.  Since  welding  of  the  columbium  and  the  associated  recrystallization 

ARE  NOT  HARMFUL  TO  THE  PROPERTIES  OF  THE  D-36  ALLOY,  THESE  STRUCTURAL 
PANELS  UTILIZE  WELDING  WHERE  ADVANTAGEOUS. 

5.  Because  of  the  difficulties  associated  with  welding  of  molybdenum 

ALLOYS,  THE  TZM  STRUCTURAL  PANELS  ARE  DESIGNED  WITH  CORNER  REIN¬ 
FORCEMENT  PIECES  TO  BE  BRAZED  IN  THE  ASSEMBLY.  ThIS  MAKES  IT  POS¬ 
SIBLE  TO  PRODUCE  A  BRAZED  STRUCTURAL  PANEL  IN  MOLYBDENUM  ALLOY 
WITHOUT  RECRYSTALLIZATION  EFFECTS  IN  ANY  PORTION  OF  THE  STRUCTURE. 

Successful  production  and  testing  of  these  panel  designs  is  cont.ngent  on 

THE  ABILITY  TO  PROTECT  BRAZED  JOINTS  FROM  THE  HIGH  TEMPERATURE  OXIDATION 
EFFECTS  AS  WELL  AS  PARENT  METAL.  ThIS  REQUIREMENT  IS  BEING  INVESTIGATED. 

Compatibility  of  protective  coatings  and  the  selected  braze  alloys  in 
typical  joints  is  planned  for  testing. 

C.  BRAZING  STUDY 

1.  Pre-Braze  Cleaning  Procedures 

TZM  Cleaning 

During  this  reporting  period  concentrated  effort  was  placed  upon  development 
OF  CLEANING  procedures  FOR  THE  TZM  MOLYBDENUM  ALLOY.  ThE  CLEANING  PROCEDURE 


13 


EVALUATION  WAS  CONDUCTED  ON  2"  X  l”  X  .010"  SPECIMENS.  ThESE  SPECIMENS 
WERE  WEIGHED  BEFORE  AND  AFTER  THE  ETCHING  STEP  OF  EACH  CLEANING  PROCEDURE 
TO  DETERMINE  PER  CENT  WEIGHT  LOSS. 

The  cleaning  procedures  investigated  and  the  results  obtained  are  RECORDED 
IN  Table  1.  Some  of  the  specimens  were  pre-oxjdized  five  minutes  at  800*F 

IN  AIR  BEFORE  CLEANING  IN  ORDER  TO  SIMULATE  THE  OXIDATION  THAT  COULD  OCCUR 
FROM  HEAT  GENERATED  IN  CORE  MACHINING  OPERATIONS,  CLEANING  PROCEDURES  1 
AND  5  WERE  EXCESSIVELY  REACTIVE  AND  ALSO  STAINED  THE  SPECIMENS.  CLEANING 
PROCEDURES  4,  6,  2.,  AND  3  DID  NOT  PRODUCE  APPRECIABLE  CLEANING  AS  EVIDENCED 
BY  LOW  SPECIMEN  WEIGHT  LOSS  AND  INABILITY  OF  THE  CLEANING  PROCEDURES  TO 
REMOVE  THE  BLUISH  OXIDE  ON  THE  PRE-OXIDIZED  SPECIMENS. 

Cleaning  procedure  7  readily  removed  the  surface  oxide  on  the  pre-oxidized 

SPECIMENS  AND  WAS  FOUND  TO  PRODUCE  EXCELLENT  RESULTS  ON  THE  TZM  SHEET 
SPECIMENS.  A  TZM  HONEYCOMB  SANDWICH  SPECIMEN,  UTILIZING  CLEANING  PROCEDURE 
1,  WAS  BRAZED  ONE  (l)  MINUTE  AT  2875“F  IN  A  300  MM.  ARGON  ATMOSPHERE  WITH 
THE  Tl-13V-nCR-3AL  BRAZE  ALLOY.  EXCELLENT  BRAZE  ALLOY  FILLETING  AND  NODE 
FLOW  WAS  OBSERVED.  ThIS  CLEANING  PROCEDURE  OFFERS  EXCELLENT  POTENTIAL  FOR 
PRE-BRAZE  CLEANING  OF  TZM  ALLOY  AND  IT  WILL  BE  EVALUATED  FURTHER  UNDER 
MANUFACTURING  CONDITIONS. 

The  SPECIFIC  steps  involved  in  the  TZM  cleaning  procedure  are  detailed  in 
Table  2. 

D-36  Cleaning 


Several  samples  of  D-36  honeycomb  core  (3/16"  cell  size  x  .002"  foil)  with 

A  HEAVY  VISIBLE  SURFACE  CONTAMINATION  WERE  CLEANED  FIVE  (S)  MINUTES  AT  ROOM 
TEMPERATURE  IN  THE  2HF-25HN03-73H20  CLEANING  PROCEDURE  DISCUSSED  IN  THE 
PREVIOUS  PROGRESS  REPORT.  ThESE  SAMPLES  WERE  DIFFUSION  BONDED  WITH  NO  INTER¬ 
MEDIATE  METAL.  Weight  loss  data  obtained  on  1"  x  l"  x  .5"  core  samples 
follows: 


Sample 


Initial  Weight 


F I nal  We i ght 


^  Wt.  Loss 


1 

2 

3 


1.4507  GM. 
1 . 5205 
1 . 5732 


1.4327  GM. 
1 . 5002 
1 . 5535 


1.24 
1.34 

1.25 


Visual  examination  of  these  samples  showed  excellent  cleaning.  In  addition, 

ONE  OF  THE  SAMPLES  WAS  USED  FOR  BRAZING  A  HONEYCOMB  SANDWICH  SPECIMEN  USING 
FACE  SHEETS  WHICH  WERE  SIMILARLY  CLEANED.  The  SPECIMEN  WAS  BRAZED  ONE  (l) 
MINUTE  AT  2900*F  IN  A  300  MM.  ARGON  ATMOSPHERE  USING  THE  T I -1 3V-1 1 Cr-3Al 
BRAZE  ALLOY.  EXCELLENT  FILLETING  AND  NODE  FLOW  WAS  OBSERVED.  ThIS  CLEANING 
PROCEDURE  OFFERS  EXCELLENT  POTENTIAL  FOR  PRE-BRAZE  CLEANING  OF  D-36  ALLOY  AND 
IT  WILL  BE  EVALUATED  FURTHER  UNDER  MANUFACTURING  CONDITIONS. 


The  SPECIFIC  steps  involved  in  the  D-36  cleaning  procedure  are  detailed  in 
Table  2. 


Braze  Alloy  Cleaning 


The  D-36  cleaning  procedure  outlined  in  Table  2  was  evaluated  as  a  cleaning 
procedure  for  the  pure  titanium  and  Ti -13V-1 1Cr-3Al  braze  alloys.  Excellent 
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RESULTS  WERE  OBTAINED  WITH  IMMERSION  TIMES  OF  1-3  MINUTES  IN  THE  ACID  ETCH. 

Weight  loss  on  .002"  titanium  and  Ti -13V-1 1Cr-3Al  foils  ranged  from  5-20^ 
FOR  THE  1-3  minute  IMMERSION  TIMES  IN  THE  ACID  ETCH.  ThIS  CLEANING  PRO¬ 
CEDURE  WILL  BE  INVESTIGATED  UNDER  MANUFACTURING  CONDITIONS. 

2.  Braze  Alloy  Selection  and  Evaluation 

A  NUMBER  OF  "T"  JOINT  SPECIMENS,  OF  THE  TYPE  DESCRIBED  IN  THE  PREVIOUS  PRO¬ 
GRESS  REPORT,  AND  SMALL  HONEYCOMB  SANDWICH  SPECIMENS  WERE  BRAZED  TO  ESTAB¬ 
LISH  THE  BRAZING  TEMPERATURE  RANGES  FOR  THE  T I -1 3V-1 1 Cr-3AL  AND  PURE 
TITANIUM  BRAZE  ALLOYS  ON  D-36  AND  TZM.  ThE  SPECIMENS  AND  BRAZE  ALLOYS 
WERE  CHEMICALLY  CLEANED  ACCORDING  TO  THE  PROCEDURES  OUTLINED  IN  TABLE  2. 

Brazing  was  performed  in  a  300  mm.  argon  atmosphere  using  a  heating  rate 
OF  650®r/MIN.  AND  HOLDING  ONE  MINUTE  AT  THE  BRAZE  TEMPERATURE.  DETERMINA¬ 
TION  OF  THE  OPTIMUM  BRAZING  TEMPERATURE  RANGE  WAS  BASED  ON  BRAZE  ALLOY 
FILLETING,  FLOW,  AND  EROSION  BEHAVIOR. 

The  optimum  brazing  temperature  range  for  the  Ti -13V-1 1Cr-3Al  alloy  was 
FOUND  TO  BE  2850-2900®F  ON  both  the  TZM  AND  D-36.  Temperatures  above 
2900°F  PRODUCED  HEAVY  EROSION  WHEREAS  BRAZING  TEMPERATURES  BELOW  2850“F 
PRODUCED  MARGINAL  FILLETING  AND  FLOW.  ThE  OPTIMUM  BRAZING  TEMPERATURE 
RANGE  FOR  THE  PURE  TITANIUM  BRAZE  ALLOY  ON  D-36  AND  TZM  WAS  ESTABLISHED 
AT  3150-3200“F.  Brazing  above  or  below  this  range  produced  effects 
SIMILAR  TO  THOSE  OBSERVED  WITH  THE  T I -1 3V-1 1 Cr-3Al  ALLOY. 

For  reasons  discussed  in  the  brazing  envelope  protection  section  of  this 

REPORT,  IT  WOULD  BE  HIGHLY  DESIRABLE  TO  BRAZE  THE  D-36  STRUCTURAL  PANELS 
IN  THE  2750-2800“F  range  rather  than  a  2850-2900®F  range  as  required  for 
THE  Ti -13V-1 1Cr-3Al  braze  alloy.  Therefore,  two  modifications  of  this 

ALLOY  HAVE  BEEN  FORMULATED  TO  LOWER  THE  BRAZING  TEMPERATURE  RANGE  APPROXI¬ 
MATELY  100®F.  The  nominal  composition  of  these  alloys  is  as  follows: 

(l)  Ti-20V-20Cr,  (2)  Ti-13V-20Cr. 

The  alloys  are  being  prepared  in  the  form  of  100  gm.  arc-cast  buttons 
WHICH  will  be  evaluated  FOR  APPLICABILITY  TO  BRAZING  OF  THE  D-36  STRUC¬ 
TURAL  PANELS. 

3.  TZM  Recrystallization  Studies 

Recrystallization  studies  were  conducted  on  .011"  TZM  sheet  and  .002" 

TZM  foil  to  aid  in  establishing  permissible  braze  temperatures  for  the 
TZM  structural  panels.  The  specimens  were  heated  approximately  650®f/ 
min.,  held  six  (6)  minutes  at  temperature,  and  cooled  below  1500*F  with¬ 
in  ONE  (l)  MINUTE.  ALL  THERMAL  EXPOSURES  WERE  CONDUCTED  IN  A  VACUUM 
OF  0.2  MICRONS  OR  BETTER.  ThE  AMOUNT  OF  RECRYSTALLIZATION  WAS  DETER¬ 
MINED  BY  VISUAL  EXAMINATION. 

The  recrystallization  results  are  recorded  in  Table  3  and  plotted  in 
Figure  18.  The  recrystallization  temperature  range  for  the  .011"  sheet 
WAS  approximately  2400-2700®F.  The  recrystallization  temperature  range 
for  the  .002"  foil  was  approximately  2100-2500*F.  Thus,  the  recrystal¬ 
lization  RANGE  or  THE  .002"  FOIL  WAS  200-300®F  LOWER  THAN  THE  RECRYSTAL¬ 
LIZATION  RANGE  FOR  THE  .Oil"  SHEET  MATERIAL. 
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Representative  microstructures  of  the  sheet  and  foil  specimens  after 
thermal  exposures  are  shown  in  Figures  19  and  20.  The  foil  specimens 

EXPOSED  TO  THE  ELEVATED  TEMPERATURES  SHOWED  NO  SIGNS  OF  DELAMINATION 
WHEN  EXAMINED  METALLOGRAPH I  CALL Y.  HOWEVER,  THE  AS-RECEIVED  SPECIMEN 
EXHIBITED  SEVERE  DELAMINATION.  SEVERAL  ADDITIONAL  AS-RECEIVED  SPECI¬ 
MENS  WERE  MOUNTED  IN  BAKELITE  AND  A  ROOM  TEMPERATURE-CURING  MOUNT 
MATERIAL.  All  OF  THESE  SPECIMENS  EXHIBITED  SEVERE  DELAMINATION. 

It  APPEARED  THAT  METALLOGRAPH I C  PREPARATION  CAUSED  THE  DELAMINATION  TO 
FORM  IN  THE  AS-RECEIVED  FOIL.  HOWEVER,  THERMAL  EXPOSURES  APPARENTLY 
REDUCED  THE  DELAMINATION  TENDENCY  OF  THE  FOIL.  At  THE  PRESENT  TIME, 

IT  IS  NOT  CLEAR  WHETHER  THE  REDUCTION  IN  DELAMINATION  TENDENCY  WAS 
DUE  TO  STRESS  RELIEF  ANd/oR  OTHER  MECHANISMS. 

Based  on  the  above  data,  it  is  recommended  that  all  TZM  foil  be  stress- 

relieved  AFTER  ROLLING  AND  PRIOR  TO  ANY  CORE  MANUFACTURING  OPERATION'S. 

Several  slit  strips  of  .002"  foil  from  another  heat  of  TZM  foil  were 

STRESS  RELIEVED  FOUR  (4 )  MINUTES  AT  2000*F  AND  SENT  TO  HEXCEL  PRODUCTS, 

Inc.  for  fabrication  of  a  diffusion  bonded  honeycomb  specimen.  This 

SAMPLE  REPORTEDLY  DELAMINATED  DURING  THE  HOBE  EXPANSION  OPERATION. 

Thus,  the  stress-relief  may  have  alleviated  but  did  not  eliminate  the 

DELAMINATION  PRODUCED  IN  THE  SEVERE  TEST  REPRESENTED  BY  THE  HOBE  EX¬ 
PANSION.  Additional  thermal  exposures  will  be  studied  to  determine 

THE  EFFECTS  OF  VARIOUS  TIMES  AND  TEMPERATURES  ON  DELAMINATION  DURING 
CORE  FABRICATION. 

If  the  TZM  panels  are  to  be  brazed  with  no  recrystallization.  Figure 

18  INDICATES  A  MAXIMUM  BRAZE  TEMPERATURE  OF  ABOUT  2100®F  BASED  ON  RE¬ 
CRYSTALLIZATION  BEHAVIOR  OF  THE  FOIL.  ThIS  WOULD  LIMIT  SERVICE  TEMPERA¬ 
TURES  CONSIDERABLY. 

While  it  is  generally  believed  that  recrystallization  embrittles 

MOLYBDENUM  ALLOYS,  RECENT  IN-HOUSE  WORK  AT  NORTHROP-NORA I R  (REFERENCE  3) 
INDICATED  THAT  THE  TM  AND  TZM  ALLOYS  WERE  NOT  SUBSTANTIALLY  EMBRITTLED 
BY  RECRYSTALLIZATION  PER  SE.  HOWEVER,  THE  GRAIN  GROWTH  OCCURING  AFTER 
RECRYSTALLIZATION  SEVERELY  EMBRITTLED  THE  TM  AND  TZM.  If  ONE  MAY  ACCEPT 
THE  LOSS  IN  STRENGTH  CAUSED  BY  RECRYSTALLIZATION,  APPRECIABLY  HIGHER 
BRAZING  TEMPERATURES  MAY  BE  TOLERATED  WITH  NO  SUBSTANTIAL  EMBRITTLEMENT. 

Figure  18  shows  that  a  braze  temperature  of  2400‘’F  will  produce  40^^  re- 
CRYSTALL I ZAT ION  OF  THE  .002"  FOIL  AND  ABOUT  2J^  RECRYSTALLIZATION  OF  THE 
.011"  SHEET.  Therefore,  attempts  will  be  made  to  braze  the  TZM  struc¬ 
tural  PANELS  AT  APPROXIMATELY  2400®F  WHICH  WILL  PRODUCE  SOME  RECRYSTAL¬ 
LIZATION  AND  LOSS  OF  STRENGTH,  BUT  NO  SUBSTANTIAL  EMBRITTLEMENT. 

4.  Brazing  Envelope  Protection 


Conventional  coating  application  methods  were  not  considered  applicable 

TO  ENVELOPE  COATING  FOR  REASONS  DISCUSSED  IN  THE  FIRST  QUARTERLY  PROGRESS 

Report  on  this  contract.  Therefore,  during  this  reporting  period,  a 

NUMBER  OF  FLAME  SPRAYED  PROTECTIVE  COATINGS  WERE  EVALUATED  ON  PURE 
TITANIUM  AND  THE  Cb-33Ta-. 7Zr (F82 )  ALLOY.  ThESE  COATING  TESTS  WERE  CON¬ 
DUCTED  BY  RESISTANCE  HEATING  COATED  SPECIMENS  AS  DESCRIBED  IN  THE  PRE¬ 
VIOUS  PROGRESS  REPORT.  ThE  TEST  RESULTS  ARE  RECORDED  IN  TABLE  4. 
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T I TANIUM  Protect i on 


SPECIMEINS  TA,  TB,  AND  TC  WERE  UNCOATED  SAMPLES  TESTED  IN  AIR  AT  2400, 
2600,  AND  2900*F,  respectively,  to  establish  a  base  line  for  comparison. 
Specimens  TD,  TE,  and  TF  were  uncoated  samples  run  in  argon  to  determine 

WHETHER  HIGH  TEMPERATURES  PER  SE  WOULD  EMBRITTLE  THE  TITANIUM.  ThESE 
SAMPLES  EXHIBITED  EXTREME  GRAIN  GROWTH  AND  AN  "oRANGE  PEEL,"  SURFACE  BUT 
THEY  WERE  DUCTILE  AT  ROOM  TEMPERATURE.  FIGURE  21  SHOWS  THE  MICROSTRUC- 
TURES  OF  THE  AS-RECEIVED  TITANIUM  AND  THE  SAMPLE  HEATED  TWO  (2)  MINUTES 
AT  2900®F  IN  ARGON.  ThE  EXTREME  GRAIN  GROWTH  IS  EVIDENT,  1n  ADDITION, 
THE  THERMALLY  EXPOSED  SAMPLE  RETAINED  THE  BETA  STRUCTURE. 

All  of  the  .012"  titanium  samples  coated  with  AL2O3-2. 5Ti02  and  aluminum 
SEALER  combinations  WITHSTOOD  TEN  (lO)  MINUTES  EXPOSURE  AT  2400“F  AND 
2600"F.  However,  these  specimens  were  severely  embrittled  as  determined 

BY  BENDING  THE  SAMPLES  AND  BY  MICROHARDNESS  MEASUREMENTS.  FIGURE  22 
SHOWS  THE  MICROSTRUCTURES  OF  SPECIMENS  Til  AND  T12  EXPOSED  TEN  (lO) 
MINUTES  AT  2400®F  AND  2600*F,  RESPECTIVELY.  SPECIMEN  Til  SHOWED  A  RE¬ 
TAINED  ALPHA  STRUCTURE  AT  THE  SURFACE,  PROBABLY  RESULTING  FROM  THE 
ALPHA  STABILIZING  EFFECT  OF  OXYGEN.  ThE  CENTER  EXHIBITED  A  BETA 
STRUCTURE.  The  MICROHARDNESS  DATA  SHOWED  A  LARGE  INCREASE  IN  HARDNESS 
AT  THE  SURFACE  AS  WELL  AS  THE  CENTER.  ThE  MICROSTRUCTURE  OF  SPECIMEN 
T12  SHOWED  SIMILAR  RESULTS  EXCEPT  THAT  ISOLATED  ALPHA  GRAINS  EXTENDED 
WELL  BELOW  THE  SURFACE,  SUGGESTING  GREATER  OXYGEN  PENETRATION. 

Specimen  life  at  2900'’F  ranged  from  1. 1-5.9  minutes.  Considerable 

SCATTER  WAS  NOTED  IN  THE  FAILURE  TIMES  AT  2900“F.  In  GENERAL,  IT  WAS 
DIFFICULT  TO  CORRELATE  THE  EFFECTS  OF  COATING  THICKNESS  COMBINATIONS 
ON  SPECIMEN  LIFE  FROM  THE  DATA  OBTAINED. 

In  view  of  THE  EXTREME  EMBRITTLEMENT  AND  HARDNESS  INCREASE  OBSERVED 
IN  THE  COATED  SPECIMENS,  SPECIMEN  TG  WAS  EXPOSED  TWO  (2)  MINUTES  AT 
2400“F  IN  ARGON  TO  DETERMINE  THE  EFFECT  OF  THE  AL2O3-2. 5T I O2  ON  THE 
TITANIUM  IN  THE  ABSENCE  OF  AIR.  ThIS  SPECIMEN  WAS  HIGHLY  EMBRITTLED 
INDICATING  AN  ATTACK  OF  THE  SUBSTRATE  BY  THE  COATING.  FIGURE  23  SHOWS 
THE  MICROSTRUCTURE  OF  THIS  SPECIMEN.  ThE  TITANIUM  EXHIBITED  A  COM¬ 
PLETELY  ALPHA  STRUCTURE,  HIGH  HARDNESS,  AND  SEVERE  CRACKING  ALONG  THE 

Interface.  Specimen  TH,  coated  with  Zr02  and  specimens  TJ  through  TN, 

COATED  WITH  PROPRIETARY  FRITS,  WERE  THERMALLY  EXPOSED  IN  A  SIMILAR 
MANNER.  The  results  PARALLELED  THOSE  OBTAINED  ON  SPECIMEN  TG. 

One  set  of  .032"  thick  specimens  (T24  and  T25)  were  tested  with  the 
AL2O3-2.  5T I O2  COATING  WITH  ALUMINUM  SEALER  TO  DETERMINE  IF  A  THICKER 
SUBSTRATE  WOULD  MINIMIZE  THE  EMBRITTLEMENT  CAUSED  BY  THE  COATING 

ATTACK.  However,  the  results  closely  paralleled  those  obtained  on  the 
.012"  THICK  MATERIAL. 

It  appears  that  ceramic  coatings  in  general  attack  and  embrittle 

TITANIUM  AT  THE  THERMAL  EXPOSURES  OF  INTEREST.  WHILE  IT  IS  WELL  KNOWN 
THAT  MOLTEN  TITANIUM  WILL  ATTACK  CERAMICS,  IT  WAS  RATHER  SURPRISING 
THAT  THE  TITANIUM  WAS  RAPIDLY  ATTACKED  IN  THE  SOLID  STATE  AT  SUB¬ 
STANTIALLY  LOWER  TEMPERATURES  SINCE  FREE  ENERGY  DATA  INDICATES  OTHERWISE. 
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On  the  basis  of  these  results,  ceramic  coatings  were  not  considered 

FURTHER  AND  EFFORT  SHIFTED  TO  METALLIC  COATINGS  FOR  OXIDATION  PROTEC¬ 
TION. 

Specimen  T22  was  a  .012"  thick  titanium  sample  coated  with  chromium  and 
ALUMINUM.  This  sample  failed  in  a  relatively  short  time  at  2900®F  due 

TO  INCIPIENT  MELTING.  It  WAS  BELIEVED  THAT  THE  ALUMINUM  AND  PARTICULARLY 
THE  CHROMIUM  DIFFUSED  INTO  THE  TITANIUM  TO  DEPRESS  THE  MELTING  POINT 

BELOW  2900“F.  Therefore,  the  .012"  titanium  was  replaced  with  .032" 

TITANIUM  IN  SUBSEQUENT  TESTS  IN  ORDER  TO  PROVIDE  A  GREATER  "DIFFUSION 

S I nk". 

Specimens  T26  through  T35  were  coated  with  combinations  of  pure  chromium 

AND  PURE  ALUMINUM.  ThESE  COATINGS  PROTECTED  THE  TITANIUM  RATHER  WELL  AT 

2400  AND  2600*F.  The  hardness  increase  on  samples  after  testing  was 
RELATIVELY  LOW  INDICATING  MILD  EMBRITTLEMENT.  At  2900“F,  SPECIMEN  LIFE 
RANGED  FROM  .1-3.75  MINUTES  FOR  THE  VARIOUS  COATING  COMBINATIONS.  AgA I N 
IT  WAS  DIFFICULT  TO  CORRELATE  THE  EFFECTS  OF  COATING  COMBINATIONS  ON 
SPECIMEN  LIFE. 

Figure  24  shows  the  microstructures  of  specimens  T28  and  T26  exposed 
TEN  (lO)  MINUTES  AT  2400*F  AND  2600*F  RESPECTIVELY.  A  HEAVY  DIFFUSION 
ZONE  BETWEEN  THE  COATING  AND  SUBSTRATE  WAS  OBSERVED.  In  ADDITION,  THE 
COATING  LAYER  CRACKED  WHEN  THE  SPECIMEN  COOLED  BELOW  IGOO^F  UNDER  THE 
RESTRAINT  IMPOSED  BY  THE  RESISTANCE  HEATING  CLAMPS.  HOWEVER,  THE  SUB¬ 
STRATE  WAS  SUFFICIENTLY  DUCTILE  TO  PREVENT  THE  SURFACE  CRACKS  FROM  PRO¬ 
PAGATING.  The  surface  cracks  were  believed  to  have  resulted  from 

EMBRITTLEMENT  OF  THE  CHROMIUM  BY  NITROGEN  ABSORPTION  DURING  THE  TEST. 

This  type  of  coating  appears  very  promising  for  protection  of  the 
TITANIUM  BRAZING  ENVELOPES  TO  AT  LEAST  2600*F.  HOWEVER,  AT  2900*F 
THE  COATING  BEHAVIOR  WAS  ERRATIC.  The  SPECIMENS  COATED  WITH  M0S12 
APPEARED  TO  OFFER  GOOD  PROTECTION  AT  2600*F  AND  EXHIBITED  PROMISE  AT 

2900‘’F.  However,  the  results  at  2900’’F  again  showed  considerable 
SCATTER.  This  coating  will  be  evaluated  further. 

Cb-33Ta-.7Zr  Protect i on 


Specimens  Cl  and  C2  were  coated  with  AL2O3-2. 5Ti2  and  heated  two  (2) 
minutes  in  argon  at  2900®F  and  3200“F,  respectively.  Specimens  C3  and 
C4  were  coated  with  Zr02  and  similarly  treated.  All  of  these  specimens 

WERE  DUCTILE  AFTER  THERMAL  EXPOSURE.  THUS,  THESE  COATINGS  ARE  COMPATIBLE 
WITH  THE  COLUMBIUM  ALLOY  WHEREAS  THEY  SEVERELY  ATTACKED  THE  PURE  TITANIUM. 


Specimens  C5,  6,  7,  13,  14,  15  and  16  were  coated  with  the  AL2O3-2.5T1O2 

AND  ALUMINUM  SEALER  COMBINATIONS.  SPECIMENS  C5,  6,  AND  7  SHOWED  SOME 
PROMISE  AT  2900®F  AND  3200®F.  Specimens  C13  and  C14  which  were  coated 
WITH  AL2O3-2. 5Ti02  and  no  aluminum  sealer  showed  poorer  life  at  3200*F 
THAN  SIMILAR  SPECIMENS  INCLUDING  THE  SEALER.  ThUS,  THE  ALUMINUM  SEALER 
APPEARED  TO  REDUCE  COATING  POROSITY  TO  SOME  EXTENT.  HOWEVER,  ALL  OF 
THESE  SPECIMENS  SHOWED  EXCESSIVE  OXYGEN  PENETRATION  THROUGH  THE  COATING, 
INDICATING  THE  NEED  FOR  MORE  EFFECTIVE  REDUCTION  IN  COATING  POROSITY. 
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Specimens  C8,  9,  and  10  were  coated  with  pure  chromium  and  pure  aluminum. 
Specimen  C8  showed  promise  at  2900°F  but  specimens  C9  and  10,  tested  at 
3200°F,  exhibited  somewhat  poorer  protection  than  the  AL2O3-2.5T1O2  and 

ALUMINUM  COATINGS. 

Specimens  C11  and  C12  were  coated  with  M0S12  and  showed  poor  life  at 
2900°F.  METALLOGRAPH tc  analysis  of  these  specimens  is  in  PROGRESS  TO 
determine  the  REASONS  FOR  THE  POOR  OXIDATION  PROTECTION  OF  THIS  COAT- 
I  NG. 

General  Comments 


Work  to  date  has  indicated  that  the  maximum  temperature  that  can  be 
sustained  by  the  titanium  is  2900°F,  This  is  due  in  part  to  the  melt¬ 
ing  point. 

Thus,  it  does  not  appear  feasible  to  braze  the  D-36  structural  panels 
WITH  THE  Ti-13V-11CR-3Al  braze  ALLOY  IN  TITANIUM  ENVELOPES.  THIS 
RESULTS  FROM  THE  FACT  THAT  THE  BRAZING  RANGE  IS  2850-29000F  WHICH 
WOULD  RESULT  IN  LOCALIZED  AREAS  OF  THE  ENVELOPE  -REACHING  TEMPERATURES 
AS  MUCH  AS  100*^F  ABOVE  THE  BRAZE  TEMPERATURE.  An  APPROACH  TO  THIS 
PROBLEM  WHICH  WILL  STILL  PERMIT  USE  OF  TITANIUM  ENVELOPES  IS  DISCUSSED 
IN  THE  BRAZE  ALLCY  SELECTION  AND  EVALUATION  SECTION  OF  THIS  REPORT. 

The  RESISTANCE  HEATING  METHOD  USED  TO  OBTAIN  THE  DATA  TO  DATE  WAS  SUB¬ 
JECT  TO  SOME  SERIOUS  PROBLEMS.  THE  RESISTANCE  HEATING  METHOD  WAS 
HIGHLY  DEPENDENT  UPON  SPECIMEN  GEOMETRY.  THUS,  LOCALIZED  COATING 
FAILURES  CAUSED  THERMAL  GRADIENTS,  ACCELERATED  FAILURES,  AND  DIFFI¬ 
CULTIES  IN  CORRELATING  RESULTS.  THIS  PROBLEM  WAS  PARTICULARLY  ACUTE 
IN  THE  TITANIUM  SAMPLES  TESTED  AT  2900°F  WHICH  WAS  LESS  THAN  150°F 
BELOW  THE  MELTING  POINT  OF  TITANIUM.  IN  ADDITION,  THE  DIFFERENCE  IN 
ELECTRICAL  PROPERTIES  OF  THE  COATING  AND  SUBSTRATE  APPEARED  TO  CAUSE 
THERMAL  GRADIENTS  ACROSS  THE  THICKNESS  OF  THE  SPECIMENS. 

To  ALLEVIATE  THESE  PROBLEMS,  THE  RESISTANCE  HEATING  METHOD  IS  BEING 
REPLACED  WITH  qUARTZ  LAMP  HEATING.  THERMOCOUPLES  WiLL  BE  ATTACHED 
TO  THE  SPECIMENS  FOR  TEMPERATURE  MEASUREMENT  AND  CONTROL.  THIS  WILL 
ALSO  PERMIT  A  STUDY  OF  THERMOCOUPLE  ATTACHMENT  METHODS  AND  THERMO¬ 
COUPLE  COMPATIBILITY  WITH  THE  COATINGS. 
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D.  MANUFACTURING  PROCESS  DEVELOPMENT 


1 .  Honeycomb  Core  Fabrication 

During  this  reporting  period  different  methods  and  materials  for  forma¬ 
tion  OF  NODE  bonds  were  STUDIED.  WITH  THE  COLUMBIUM  D-36  ALLOY,  BOTH 
THE  STOP-WELD  SYSTEM  AND  THE  INTERFACE  METAL  SYSTEM  WERE  SYSTEMATICALLY 
EVALUATED. 

Stop-Weld  System 


Reagent  grade  magnesium  oxide  was  found  to  be  satisfactory  for  use  as  a 

STOP-OFF  WITH  D-36  ALLOY.  ThERE  WAS  NO  REACTION  OBSERVED  BETWEEN  THE 

MgO  and  the  D-36  in  vacuum  for  temperatures  up  to  2200*F.  It  was  noted, 

HOWEVER,  THAT  U.S.P.  GRADE  MgO,  IF  USED  AS  A  STOP-OFF,  CAUSES  DISCOLORA¬ 
TION  AND  SURFACE  CONTAMINATION  OF  THE  D-36.  ThE  BONDING  CONDITION  TO 
OBTAIN  A  STRONG  NODE  BOND  FOR  D-36  WITH  THE  REAGENT  GRADE  MgO  AS  A  STOP- 
OFF  WAS  DETERMINED  TO  BE  2000*F  FOR  10  MINUTES. 

Interface  Metal  System  -  D-36 


Both  titanium  and  zirconium  have  been  evaluated  as  intermediate  metals 
WITH  the  D-36  ALLOY.  The  BONDING  CONDITIONS  WERE  1400®F  TO  1500®F  FOR 
10  MINUTES,  Titanium  and  zirconium  seem  to  work  equally  well  as  inter¬ 
mediate  materials.  Titanium  was  employed  in  the  form  of  foil  (.001"), 
TITANIUM  HYDRIDE  POWDER,  OR  AS  A  THIN  FILM  (3  -  240  M I CRO- 1 NCHES ).  ThE 
zirconium  was  employed  AS  FOIL  OR  AS  A  HYDRIDE  POWDER.  ThE  USE  OF  FOIL 
AS  AN  INTERFACE  MATERIAL  PRESENTS  A  PROBLEM  OF  MELTING  TEMPERATURE  LIMITA¬ 
TION  IN  THE  SUBSEQUENT  BRAZING  OF  THE  HONEYCOMB  PANELS.  ThERE  IS  ALSO  A 
PROBLEM  OF  COMPATIBILITY  BETWEEN  THE  INTERFACE  METAL  AND  WITH  THE  SOLU¬ 
TIONS  REQUIRED  TO  CLEAN  THE  HONEYCOMB  PREPARATORY  TO  THE  BRAZING  OPERATION. 

These  problems  also  apply  in  the  case  of  the  titanium  and  zirconium  hydride. 
The  use  of  hydrides  presents  an  additional  problem  of  placing  the  material 
IN  the  exact  locations  desired. 

Selection  of  a  thin  film  of  titanium  as  the  interface  metal  effectively 

ELIMINATES  THE  PROBLEMS  OF  MELTING  TEMPERATURE  AND  CLEANING  COMPATIBILITY 
ASSOCIATED  WITH  OTHER  AVENUES  OF  APPROACH.  ThE  SELECTION  OF  TITANIUM 
FILM  FOR  evaluation  STUDIES  INCLUDED  THOSE  HAVING  THICKNESSES  IN  3,  5, 

10,  30,  60,  AND  240  MICRO-INCHES.  The  three  heaviest  films,  namely  30, 

60  AND  240  Ml CRO- I NCHES,  PRODUCED  STRONG  BONDS.  FIGURE  25  SHOWS  A  TYPICAL 
D-36  BOND  MADE  WITH  A  60  MICRO-INCH  FILM  OF  TITANIUM. 

Interface  Metal  System  -  TZM 


The  interface  metal  method  has  been  selected  for  fabrication  of  the  large 
panels  since  the  temperature  REQUIRED  TO  OBTAIN  A  SATISFACTORY  BOND  BETWEEN 
RIBBONS  OF  TZM  WITHOUT  THE  USE  OF  AN  INTERFACE  METAL  IS  ABOVE  THE  TZM  RE- 
CRYSTALL IZATION  TEMPERATURE.  RESULTS  OBTAINED  HAVE  DEMONSTRATED  THAT 
TITANIUM  FORMS  A  STRONG  BOND  WITH  TZM  WITH  A  BONDING  CYCLE  OF  10  MINUTES 

AT  1600“F.  Titanium  foil  (.001"),  titanium  hydride  and  titanium  in  film 

THICKNESSES  HAVE  BEEN  EVALUATED.  ThE  USE  OF  TITANIUM  FOIL  PRESENTS  THE 
SAME  DISADVANTAGES  WITH  TZM  AS  WITH  THE  D-36  DISCUSSED  ABOVE.  ThE  USE  OF 
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TITANIUM  HYDRIDE  PERMITS  THE  FORMATION  OF  A  STRONG  BOND  WITH  THE  TZM.  As 
AN  INTERESTING  SIDELIGHT,  IT  WAS  NOTED  THAT  THE  TZM  BONDED  WITH  THE  HYDRIDE 
IS  LESS  .Ml CACEOUS  THAN  THAT  JOINED  USING  OTHER  METHODS  (FIGURE  26).  HOW¬ 
EVER,  THIS  METHOD  REQUIRES  APPROXIMATELY  .002"  THICKNESS  OF  TITANIUM  TO 
FORM  AN  ADEQUATE  BOND.  ThIS  CIRCUMSTANCE  THEREFORE,  CREATES  THE  SAME 
PROBLEMS  AS  THE  .001"  FOIL.  TITANIUM  FILM  IN  THICKNESSES  OF  3  MICRO-INCHES 
TO  240  MICRO-INCHES  WAS  EVALUATED.  1t  WAS  OBSERVED  THAT  WITH  A  TITANIUM 
THICKNESS  OF  30  MICRO-INCHES  OR  GREATER,  A  SOUND  BOND  IS  FORMED.  ThE 
TITANIUM  IN  THE  30  TO  40  MICRO-INCH  THICKNESS  PROVIDES  A  PARTICULARLY 
SOUND  BOND  AND  APPEARS  TO  EFFECTIVELY  ELIMINATE  THE  UNALLOYED  TITANIUM 
BOND  IN  THE  JOINT  REGION  WHEN  FOIL  THICKNESSES  ARE  EMPLOYED. 

COLUBMIUM  ALLOY  (D-36),  COLUMBIUM  -  ZIRCONIUM  ALLOY  AND  VANADIUM  FOILS 
WERE  ALSO  EVALUATED  AS  POSSIBLE  CHOICES  FOR  AN  INTERFACE  METAL  TO  BE  USED 
IN  CONJUNCTION  WITH  THE  TZM.  ThE  BONDS  OBTAINED  WITH  TEMPERATURES  TO 
2200*F  WERE  INADEQUATE  IN  STRENGTH  TO  PERMIT  EXPANSION  OF  THE  HONEYCOMB. 

Higher  temperatures  were  not  evaluated  because  of  concomitant  recrystal¬ 
lization  OF  THE  TZM. 

HOBE  Fabrication 


The  two  methods  considered  for  HOBE  fabrication  are  the  stop-weld  method 
and  the  interface  metal  method.  The  decision  has  been  made  in  favor  of 

THE  INTERFACE  METAL  TECHNIQUE  BECAUSE  OF  THE  FOLLOWING  REASONS! 

(1)  The  SELECTION  of  a  non-contaminating  stop-weld  material  and  associated 
PROBLEMS  of  PLACEMENT  AND  REMOVAL  ARE  PRECLUDED. 

(2)  The  bonding  temperatures  are  substantially  lower  with  the  interface 
METAL  APPROACH  (l500*F  VS  2000*F). 

(3)  An  interface  metal  technique  is  ESSENTIAL  FOR  THE  TZM  MOLYBDENUM  ALLOY 
TO  AVOID  recrystallization. 

(4)  Selection  of  this  process  offers  opportunity  for  fabrication  of  both 

ALLOYS  with  THE  SAME  PROCESS. 

(5)  Successful  bonding  utilizing  interface  metals  of  micro-inch  film 

THICKNESS  AND  SUBSEQUENT  THOROUGH  DIFFUSION  OF  THIS  METAL  PRECLUDES 
THE  LIMITING  REMELT  TEMPERATURE  PROBLEMS. 

(6)  There  is  an  indicated  beneficial  pressure  distribution  effect  with  the 

USE  OF  an  interface  METAL.  ThIS  HOWEVER,  HAS  YET  TO  BE  STUDIED  ON  THE 
LARGE  PANEL  FABRICATION  PHASE  OF  THE  WORK. 

HOBE  Expans i on 


CoLUMBIUM  FOIL  IN  FULL  HARD  CONDITION  HAS  CAUSED  SOME  DIFFICULTY  IN  ATTEMPTS 
TO  OBTAIN  FULL  EXPANSION  CONFIGURATION.  HOWEVER,  EXCELLENT  NODE  INTEGRITY 
HAS  BEEN  REALIZED  WHICH  WILL  ASSIST  IN  MAKING  FULL  EXPANSION  FEASIBLE.  As 
AN  alternate  procedure,  the  FOIL  CAN  BE  VACUUM  ANNEALED  TO  FACILITATE  EXPAN¬ 
SION. 
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A  MAJOR  PROBLEM  IN  EXPANDING  TZM  STEMS  FROM  THE  MICACEOUS  BEHAVIOR  OF  TZM. 

Micaceous  behavior  must  be  eliminated  by  proper  processing  of  the  foil  by 

THE  supplier  OR  BY  SUITABLE  SUBSEQUENT  PROCESSING  TECHNIQUES.  METHODS  TO 
BE  CONSIDERED  ARE: 

(1)  Stress  relieving  in  vacuum. 

(2)  Stress  relieving  in  hydrogen. 

(3)  Re  inforced  nodes. 

(4)  Application  of  trace  amounts  of  titanium  hydride. 

Elevated  temperature  (300  -  400*F)  expansion  of  the  TZM  has  been  evaluated. 
This  did  not  correct  the  micaceous  behavior  of  the  TZM  but  did  result  in  a 
REDUCTION  OF  45*  CRACKING. 

Satisfactory  surfacing  in  the  honeycomb  while  in  HOBE  form  has  been  accom¬ 
plished  by  milling^  using  a  carbide  cutting  head.  The  cutting  head  used 
IS  A  Wendt  Sonis,  style  700,  4  flute,  1/2"  solid  carbide  cutter.  The  cutter 
speed  is  560  FT.  per  minute  with  a  table  speed  of  one  inch  per  minute. 
Grinding  has  been  attempted  but  proved  unsatisfactory  because  of  the  ex¬ 
cessive  HEAT  GENERATED  BY  THIS  TECHNIQUE.  BeLT  SANDING  HAS  YET  TO  BE 
EVALUATED. 

2.  TZM  Forming  Tests 

The  TZM  structural  panel  design  includes  a  corner  reinforcement  clip  which 

INVOLVES  RATHER  DIFFICULT  FORMING.  In  ORDER  TO  VERIFY  THE  FEASIBILITY  OF 
THE  DESIGN  AND  TO  DEVELOP  FAMILIARITY  WITH  THE  FORMING  CHARACTERISTICS  OF 
THE  MOLYBDENUM  ALLOY,  A  SIMPLE  FORMING  DIE  WAS  FABRICATED  AND  TESTED  IN 
AN  ELECTRICALLY  HEATED  HOT  PLATEN  PRESS.  SoME  AVAILABLE  .040  GAGE  TZM 
ALLOY  FROM  A  NORTHROP  I N-HOUSE  PROJECT  WAS  TEST  FORMED  IN  THE  FIXTURE. 

Sufficient  tests  were  carried  out  to  develop  a  suitable  blank,  to  estab¬ 
lish  THE  USEFULNESS  OF  MOLYBDENUM  DISULPHIDE  AS  A  FORMING  LUBRICANT  AND 
TO  VERIFY  THE  PRODUC I B I L I TY  OF  THE  CLIP  DESIGN.  WhEN  TZM  ALLOY  IS  RECEIVED 
IN  THE  CORRECT  GAGE  (.025)  THIS  TOOL  WILL  BE  DEVELOPED  FOR  FABRICATION  OF 
THE  REQUIRED  CORNER  CLIPS.  ThE  REPORTED  TESTS  WERE  CARRIED  OUT  AT  A  TEMPERA¬ 
TURE  OF  380*F  FOR  CONVENIENCE  IN  THE  HOT  PLATEN  PRESS.  ThE  LOWER  TEMPERA¬ 
TURE  LIMIT  OF  FORMABILITY  WAS  NOT  INVESTIGATED. 

Figure  27  shows  the  test  form  die  used  and  part  after  first  stage  forming 
AT  approximately  200®F.  Figure  28  shows  forming  results  during  the  blank 

DEVELOPMENT  STAGE.  BLANK  CONFIGURATION  IS  CRITICAL  TO  SUCCESSFUL  SECOND 
stage  FORMING^  THE  CONFIGURATION  OF  THE  BLANK  SHOWN  AT  TOP  CENTER  BEING 
USED  FOR  THE  THREE  UNTRIMMED  PARTS  AT  THE  BOTTOM  OF  THE  PHOTOGRAPH.  SHOWN 
AT  TOP  LEFT  IS  A  FRACTURED  BLANK,  THE  RESULT  OF  AN  ATTEMPT  TO  FORM  THE 
FIRST  BEND  AT  ROOM  TEMPERATURE. 

3.  Quartz  Lamp  Brazing  Facility 

Fabrication  of  water  cooled  steel  reflectors  to  replace  the  aluminum  reflec¬ 
tors  IN  the  test  braze  facility  was  completed  during  this  reporting  period. 
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The  new  reflective  surfaces  are  gold  fired  for  maximum  infrared  reflectivity. 
This  unit  will  permit  test  brazing  of  refractory  panels  up  to  12"x  12"  in 

SIZE. 

Six  additional  ignitron  power  control  units  have  been  acquired  as  part  of 

THE  NoRTHROP-FUNDED  MODIFICATIONS  TO  THE  NORTOBRAZE  SYSTEM.  ThESE  WILL 
RAISE  THE  POWER  CONTROL  CAPABILITY  TO  2100  KVA  AT  600  V  CONTINUOUS  TOTAL 
FOR  12  ZONES  OF  CONTROL. 

Request  was  made  during  the  first  quarter  of  this  program  for  authorization 
TO  modify  and  install  two  Air  Force  property  transformers  which  would  bring 
THE  TOTAL  POWER  SOURCE  TO  2000  KVA  AT  600  V  CONTINUOUS  RATING.  AUTHORIZA¬ 
TION  HAS  BEEN  WITHHELD  PENDING  RESULTS  OF  A  SEARCH  TO  LOCATE  SIMILAR  SUR¬ 
PLUS  EQUIPMENT.  At  present  NO  ANTICIPATED  APPROVAL  DATE  CAN  BE  ESTABLISHED. 

Although  the  test  brazements  in  Phase  J  of  the  program  can  be  accomplished 
WITH  existing  facilities,  THE  ORIGINAL  PROGRAMMING  SCHEDULED  THE  NEW  INSTAL¬ 
LATION  AND  THE  ATTENDANT  REARRANGEMENT  OF  THE  POWER  CONTROL  UNITS  TO  BE 
COMPLETED  BEFORE  THE  TEST  BRAZEMENT  PORTION  OF  THIS  PHASE  WAS  TO  BEGIN. 

Materials  and  facilities  would  then  be  simultaneously  available  for  a  con¬ 
tinuous  PROGRAM  OF  BRAZING  EFFORT.  It  APPEARS  UNAVOIDABLE  THAT  INTERRUPTIONS 

IN  THE  Phase  I  braze  program  will  occur  due  to  lack  of  power  and/or  power 

CONTROL  DURING  A  FUTURE  TRANSFORMER  INSTALLATION  AND  POWER  CONTROLLER 
CHANGE-OVER. 
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4.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  work  performed  during  this  period  permits  the  following  conclusions 

AND  RECOMMENDATIONS  TO  BE  MADE: 

1.  Pre-braze  cleaning  procedures  have  been  developed  FOR  D-36,  TZM 
AND  THE  titanium-base  BRAZE  ALLOYS. 

2.  Based  on  recrystallization  and  embrittlement  considerations, 

THE  MAXIMUM  BRAZE  TEMPERATURE  FOR  THE  TZM  STRUCTURAL  PANELS  WAS 
DETERMINED  TO  BE  APPROXIMATELY  2400*r. 

3.  Delamination  of  TZM  foil  is  a  severe  obstacle  to  the  expansion 

OF  DIFFUSION  BONDED  HOBE  FROM  THIS  MATERIAL.  SOME  POST  ROLLING 
PROCESSES  INVESTIGATED  SHOW  PRELIMINARY  PROMISE  IN  ALLEVIATING 
THIS  CHARACTERISTIC.  ThESE  SHOULD  BE  PURSUED.  SUPPLIERS  OF 
TZM  FOIL  SHOULD  SEEK  TO  ISOLATE  AND  ELIMINATE  THE  CAUSE  OF  THIS 
TENDENCY  TO  DELAMINATE. 

4.  A  30-40  MICRO-INCH  DEPOSIT  OF  TITANIUM  PRODUCES  AN  EXCELLENT 
NODE  BONO  IN  TZM  HONEYCOMB  CORE,  SUITABLE  FOR  THE  STRUCTURAL 
PANEL  CONCEPT,  30,  60  AND  240  MICRO-INCH  DEPOSITS  PRODUCED 
SOUND  BONDS  IN  D-36,  ThE  THINNEST  FILM  WITH  WHICH  A  SOUND  BOND 
IN  D-36  CAN  BE  MADE  HAS  NOT  BEEN  DETERMINED;  THIS  LOWER  LIMIT 
SHOULD  BE  EXPLORED  FOR  USE  ON  THE  D-36  HEAT  SHIELD  PANELS. 


24 


5.  FUTURE  WORK 


The  following  work  is  scheduled  for  the  next  quarter: 

1.  Initiate  the  test  brazing  section  of  Phase  I. 

2.  Complete  the  design  and  construction  of  D-36  and  TZM  fabrication 
tool  I NG. 

3.  Evaluate  Ti-20V-20Cr  and  Ti-13V-30Cr  braze  alloys  for  use  on 

D-36  STRUCTURAL  PANELS. 

4.  Evaluate  D-36  honeycomb  core  node  bonds  with  various  micro¬ 
inch  deposits  of  titanium  at  brazing  cycles  2850-3200“F. 

Finalize  manufacturing  process  specifications  for  fabrication 

OF  PRODUCTION  QUANTITIES  OF  D-36  DIFFUSION  BONDED  CORE. 

5.  Evaluate  manufacturing  processes  for  the  fabrication  of 

DIFFUSION  BONDED  TZM  CORE  AND  FINALIZE  PRDCESS  SPECIFICATIONS 
FOR  FABRICATION  OF  PRODUCTION  QUANTITIES  OF  TZM  DIFFUSION 
BONDED  CORE. 
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APPENDIX  A 


Aerodynamic  Heating  and  Radiation  Equilibrium  Calculations 

The  radiation  equilibrium  temperature  is  that  resulting  from  a  balance 

BETWEEN  CONVECTIVE  AERODYNAMIC  HEAT  INPUT,  Q AC >  AND  RADIANT  HEAT  LOSS, 

Qr  .  According  to  the  Stefan-Boltzman  law, 

Qr  =  c  •  (l ) 

WHERE 

e  =  EMMISSIVITY 

a  s  Stefan-Boltzman  constant 

s  0.480  X  IO'^^Btu  (sec  ft^  *R^) 

Tw  =  absolute  temperature  of  the  body  surface,  *R 

The  aerodynamic  heat  flux  is  based  on  stagnation  point  values  for  a 
hemispherical  nose  whose  radius  equals  that  of  the  panel  length.  The 
DATA  IS  based  ON  THEORY  AND  EXPERIMENTS  OF  ReFEREN-CES  8  TO  10  WHICH  ARE 
REVIEWED  IN  REFERENCE  7.  In  REFERENCES  6  AND  8,  AN  APPROXIMATION  IS 
GIVEN  TO  THE  RESULTS  OF  REFERENCE  8,  WHICH  IS  GIVEN  BY  THE  FOLLOWING 

EQUATION.  This  equation  contains  implicitly  the  hypersonic  COLD  WALL 
ASSUMPTION,  BUT  IS  ADEQUATE  FOR  THE  HIGH  SPEEDS  OF  INTEREST  (SeE  REFERENCE 

7). 


“AC 


17,600  /  V  ^ 

^  ^26,000^  \  002378^ 


where 

Z  AERODYNAMIC  CONVECTIVE  HEAT  FLUX  Btu/sEC  FT^ 

R  -  LEADING  EDGE  RADIUS  FOR  AN  EQUIVALENT  HEMISPHERE,  FT. 
V  =  FLIGHT  SPEED,  Ft/sEC 

o 

p  s  DENSITY  OF  AMBIENT  AIR,  SLUGs/fT 


An  equivalent  leading  edge  radius  of  18  inches  has  been  used  in  CONNECTION 
WITH  the  heat  shield  HEAT  FLUX  CALCULATIONS,  WHICH  IS  REASONABLE  FOR  A 
TYPICAL  HEAT  SHIELD  IN  WHICH  THE  18-INCH  PANEL  MIGHT  BE  AN  ELEMENT.  ThE 
18-inch  RADIUS  OF  CURVATURE  USED  HERE  IS  THE  RADIUS  OF  CURVATURE  ASSOCIATED 
WITH  THE  NOSE  OF  THE  VEHICLE  IN  WHICH  THE  HEAT  SHIELD  PANEL  IS  AN  ELEMENT. 

This  radius  of  curvature  is  not  necessarily  equal  to  the  curvature  of  the 

INDIVIDUAL  panel;  E. G. ,  IN  THE  CASE  OF  THE  FLAT  PANELS.  FoR  EXAMPLE,  THE 
CURVED  STRUCTURAL  PANELS  HAVE  A  54-INCH  RADIUS  AND  THE  CURVED  HEAT  SHIELD 
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PANELS  HAVE  A  RADIUS  OF  30-INCHES  FOR  THOSE  SPECIMENS  TO  BE  MANUFACTURED 
AS  CURVED  PANELS.  THESE  LATTER  CONSIDERATIONS  DO  NOT  CONFLICT  WITH  THE 
POSSIBILITY  OF  HAVING  AN  EFFECTIVE  18-lNCH  RADIUS  OF  CURVATURE  AT  THE 
NOSE  OF  THE  VEHICLE  USING  18-INCH  PANELS.  EQUATIONS  (l)  AND  ifi.) ,  USING 
R  >  1.5  FT.  SHOW  THAT  THE  HIGHEST  EQUILIBRIUM  TEMPERATURE  OF  THE  "sK I P- 
GL IDE-ONCE-AROUNd"  TRAJECTORY  IS  2400*F.  (ALTITUDE  260,000  FT.,  VELOCITY 
20,000  ft/sec,  EMMISSIVITY,  C  s  •  8,  FROM  REFERENCE  l).  ThIS  OF  COURSE 
SHOWS  THAT  REFRACTORY  METALS  ARE  ADEQUATE  FOR  WITHSTANDING  THE  PEAK 
TEMPERATURES  OF  THE  RELATIVELY  SLOWER  HEATING  RATES  OF  THE  "sKIP-GLlDE- 
ONCE-AROUND  EARTh"  TRAJECTORY  (ASSUMING  TO  THE  PRESENCE  OF  AN  ADEQUATE 
OXIDATION  COATING.)  ThE  DURATION  OF  THIS  PEAK  HEAT  FLUX  IN  THE  SKIP- 
GLIDE  TRAJECTORY  OF  REFERENCE  1  I S  OF  THE  ORDER  OF  TWENTY  MINUTES.  HOW¬ 
EVER,  IF  THE  VEHICLE  POSSESSED  A  HEAT  SHIELD  WHOSE  NOSE  RADIUS  WAS,  SAY, 

6  FEET  COMPARED  TO  THE  PRESENT  1.5  FEET,  THEN  THE  MAXIMUM  RADIATION 
EQUILIBRIUM  TEMPERATURE  WOULD  BE  OF  THE  ORDER  OF  1900“F,  AND  THIS  IS 
EASILY  WITHIN  THE  CAPABILITY  OF  THE  REFRACTORY  METALS. 

Equations  (i)  and  (2)  are  the  basis  of  all  subsequent  radiation  and 

AERODYNAMIC  HEAT  FLUX  CALCULATIONS  FOR  THE  ESCAPE  VELOCITY  RE-ENTRY 
TRAJECTORY. 
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APPENDIX  B 


TEMPERATURE  RESPONSE  OF  HEAT  SHIELD  AND  STRUCTURAL 


PANEL  FOR  A  SPECIFIED  EXTERNAL  HEAT  INPUT 


APPENDIX  B:  Temperature  Response  of  Heat  Shield  and  Structural  Panel  for  a 
Specified  External  Heat  Input 


The  purpose  of  this  study  was  to  find  the  temperatures  and  temperature 
differentials  developed  in  the  heat  shield  and  structural  panel  of  a  space 
vehicle  for  a  given  external  heat  flux  history.  The  effect  of  thermal  in¬ 
sulation  between  the  shield  and  panel  was  investigated. 

Theory 

The  heat  shield  and  the  structural  panel  were  each  approximated  by  homo¬ 
geneous  slabs  of  uniform  temperature  in  order  to  find  a  mean  temperature  as 
a  function  of  time.  Then  with  the  mean  temperatures  known  the  temperature 
differential  across  the  slab  was  calculated.  By  using  the  differential  tem¬ 
peratures,  it  was  shown  that  the  first  approximation  of  the  panel  and  shield 
as  uniform  temperature  slabs  was  a  reasonable  one.  The  analysis  is  one  dimen¬ 
sioned  and  neglects  edge  heat  losses. 

Case  1;  No  Thermal  Insulation  Between  the  Heat  Shield  and  the  Structural 
Panel  -  Aerodynamic  Heating 

To  obtain  the  mean  heat  shield  temperature  the  following  equation  was  used 


of  heat  shield 


heat  input  radiated 


(1) 


To  find  the  difference  between  the  upper  surface  temperature  l\i,  and  the 
lower  surface  temperature,  T^,  of  the  heat  shield,  the  upper  and  lower  halves 
are  analyzed  as  separate  slabs  below. 


external 
heat  input 


Tu - n  r  2eoTj  eoTJ 

gMpCJ ^  ^  ^ 


heat  radiation 
from  upper 
surface 


(2) 


heat  radiation 
from  lower 
surface 


heat  conducted 
from  upper  sur¬ 
face  to  lower 
surface 


(3) 


heat  radiation 
from  upper 
surface 


heat  radiation 
from  lower 
surface 


heat  conducted 
from  upper  sur¬ 
face  to  lower 
surface 
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Temperature  Difference  AT =Ttj— Ti,=  6 

At = T„  -  T^ = T„{o)  -  T Jo)  ^  fdt  [q.  -  3e<rT5 + 3e(rTi  -  2qKUL] 

gMpCj 

Approximations  for  {AT/2Tm)’^.01  ;  |AT/Tm|  <.2 


(41 

(5) 

16) 


From  equations  (5)  and  (6) 

-3e(rTi +3e(rTi  =  3e<rTi  [-  (l  +-^)  +  (l  ”  ■^)} 
=  -12e(rT5AT 

From  Fouriers’  Law  (Ref.  7,  p.  7,  and  noting  that 
Ac/ Aw  is  the  solid  area  fraction  of  the  honeycomb 
core) 


•  Ac  AT 

qKUL-ksp 


From  (4) ,  (7)  and  (8) 


dAT 

dt 


gMpC^^*  gMpclE  Aw  +12e<rTi]AT 


can  be  calculated 
for  a  given 
tra j  ec  tory 


Equation  9  was  solved  for  AT  (or^)  as  a  function  of  time. 


(7) 


(8) 


(9) 


Case  II:  Aerodynamic  Heating  with  Thermal  Insulation  Between  the  Heat 
Shield  and  the  Structural  Panel  [[Basis  of  data  presented^ 

To  find  the  mean  temperature  of  the  structural  panel,  the  heat  shield  and 
the  insulation,  three  equations  were  used  simultaneously. 

Heat  Shield: 


(gMpC)p 


dT« 


dt 


OL 

=q.(t)-2eorT^i„+s(rT?-  -g-i 


ITmh.-L) 


(10) 
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Structural  Panel: 


IgNApCW^  =  ^lT,-TM,p)“2£(rTi,p+e(rT? 


(11) 


Insulation: 


=  -^iTMH.+TM.p--2Tx)-2eorTj+e(rTi,p 
+£irTiH8 


(12) 


Temperature  Difference  Across  the  Structural  Panel 


IgMpC)  dTugp 

~2  dT 


OL 

(Tj“Tj|gp)“2eo'Tjgp+  ecrTjjip 

“  zfep  Aw 


(13) 


qMpC  dT uip 

~2  dT 


Icgp  Ac 
MTp  Aw 


lTijgp”Tij|p)  4”  6(TTj;gp"”2coTjjp 


(14) 


Equation  (15)  -  Equation  (u)  -  Equation  (l4)  ,  defines  ^Bp=AT8pS=T„gp-Tigp 


d^gp 

dt 


(Tj  ““  Tgigp)  “  3c(yTxflipH”260’Ti^p  4“  ectTi 


2k>p 


((?BP) 


(15) 


The  above  equations  were  solved  step-by-step  finite  difference  method  to 
yield  the  results  depicted  in  Figures  3  to  9  in  the  text. 
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Case  III:  Quartz  Lamp  Radiant  Heating  in  the  Laboratory  air 
Upper  Surface: 


air 

T.°R  T.“R 


C|fo  jQfi 


(gMpCl  dT;;gp  _  ,  ,  |(gp  Ac  t  i 

2  dt  AzTp  7^ ' 

“  SfioTugp  *1*  co’Tigp 


Quartz 

f 

— 

( 

Lamps 

— 

. 

qLr 

H  f^AZ, 

Tugp  T^gp 


Lower  Surface: 


(gMpC) 

2 


dT. 


dt 


—  eo'TJgp  corTri 


,  Itgp 
AZgp 


Ac 

Aw 


ITugp  Tijip) 


Radiation 

Shield 


where  q,^  is  the  free  convection  heat  loss/sq  ft.  to  the  air. 
For  a  vertical  plate  we  have  IRef.  7,  p.  241) 


APPENDIX  C 


STRENGTH  ANALYSIS 
WITH  THERMAL 


OF  HONEYCOMB  PANELS 
ECCENTRICITIES 
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APPENDIX  C 


Consider  a  structural  panel  of  dimensions  "a"  and  "b"  with  a  lateral  load 
of  P  pounds  per  lineal  inch  applied  along  the  "A”  side.  This  load  is  applied 
by  a  piston  arrangement  such  that  the  load  is  maintained  as  a  constant  with  no 
increase  due  to  thermal  expansion.  It  is  assumed  that  the  honeycomb  panel  can 
be  analyzed  as  two  mutually  perpendicular  beam  strips  which  deform  thermally 
and  elastically  in  a  sinusoidal  shape  while  maintaining  deflection  compati¬ 
bility  at  the  center  of  the  strips.  It  is  further  assumed  that  there  exists  a 
temperature  gradient  between  the  face  sheets  and  a  gradient  between  the  center 
of  the  panel  and  the  edge.  Also,  the  temperature  of  the  upper  and  lower  face 
sheets  are  the  same  at  the  panel  edge. 


Summation  Moments  about  Ub  : 


Lgltf + U = + li+lc j 


Lb“0‘bl^« 


p_  crB,.t,  (t,4-t,) 
y„+t,+tc 
2 


Summation  Moments  About  Lb  : 

UB(t,+U=-p(y.-^‘) 

Ub”0''bu 

p_  ~~  O'BU^t  ftt*f*tc) 

y,— tf+tc 

2 


Summation  Forces  in  ''a''  direction: 


Ux=-u 


O'au —  O’al 
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r 


Pi  =  curvature  due  to  differential  thermal  expansion 


Pt«  —  Pib  —  Pt 
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curvature  due  to  elastic  deformation  in  "b"  direction 

curvature  due -to  elastic  deformation  in  "a"  direction 


Displacement  of  Two  Beam  Strips 
General  Form  of  Sine  Curve  (Assumed  Shape) 

y=yoSin-j- 


and 


m-JL  •  IX. 


y  El  p 


Combined  Curvature: 


_1_ 

Pb 


«  At  —/v  At  I  <yBL  PO^AL 

1  ,  ttuATu  ttiA'i,  '  p  ”  c 

_ L_  ^  _ Cl 

Pbt  Pbb  tf  +tc 


J_ 

Pa 


- L_  ^  _ L  _  _ Cy _ Cl, 

Pat  Pa*  t»+tc 


Substituting  1/p  into  "y"  equation  for  a  sine  wave  at  X  *  a/2  and  b/2 
respectively. 


Pa  a* 


1  TT* 


Pb 


-  j,2  yoB 


a 

Y<iA~  „2, 


W*Pa 
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For  continuity: 


yoA=yoB 

_  b* 
Jt’Pa  Jr*pB 


Substituting  for  Pa  and  Pb 


(b*-a=)  (a„AT„-a^TJ+{b*+/ia^)(^  -  =laH/ib')(^ 


From  equilibrium  conditions: 


Substituting  (Tau  into  y^B  to  obtain  y,  at  panel  center 


aVn+M) 

y*”  7r’(t,+g(a*+/ib‘) 


(a„AT„-tt,ATJ+n 


From  equilibrium  considerations: 


O'bl  d"  O’bu  t'f  “  P 


For  lower  skin  failure  at  O',, 


P 


O’bu —  1.  O'l 

■f 


qV(1+M) 

y-”  iT%+U)la^+fib’} 


{• 


auATu-ttiATL+d 
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For  lower  skin  failure 


P= 


O’L^Jh  +  te) 


y<.-^ 


tf+te 

2 


Substituting  /«  into  above: 


WE„t,(h+U  la*+iub*)J 

f 


P*  + 


aVn+Al 


jr*lt,+g  (a’+Ab*) 


JoiuATu  ttLATj,”!!  g  ^ 


"btcl 


=o 


Solution  of  the  above  equation  yields  a  minimum  negative  P  to  fail  the 
lower  sheet.  This  P  is  one  of  the  two  solutions  of  the  above  equation  and 
is  only  applicable  if  the  lower  sheet  is  the  failure  element.  It  is  there¬ 
fore  necessary  to  also  check  for  upper  sheet  failure. 

For  upper  skin  failure  at 


P 

O’bl”  T  ~~0'v 


ovn+A) 

y*  ir*lt,+gia*+Ab*) 


•javATu — ttiATi, + (1  —  a) 


For  upper  skin  failure 

t,+n 

y.”  ^ 


Substituting  y,  into  above: 


^  +t,)  (a“+ Ab%E,.J  ^ 

iff^lN+gia’+Ab*)  [««AT„-a.ATi.+(l  -fi)(Tv  +  “§7)1 


|<rugt,+g[  =o 
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Solution  of  the  above  equation  yields  the  minimum  negative  P  to  fail  the 
upper  sheet.  The  minimum  failure  loads  for  both  sheets  are  compared  and  the 
lowest  of  these  two  becomes  the  failure  load  for  the  panel. 

To  eliminate  the  need  for  solving  a  quadratic  in  P  it  is  possible  to  make 
the  following  substitution: 


p 

Me 

1 

O-BU  ^ 

1 

P 

.  Me 

1 

(Tbl-  ^ 

■  +  — 

1 

2Mc 

1 

1 

For 

upper 

sheet 

failure 

1 

2Me 

1 

1 

For 

lower 

sheet 

failure 

1 

M 

Pb 

"  E‘l 

E‘e 

Me 

Pb 

”  1 

1 

IT*  V 

Pb 

-  |j2  y* 

E‘c 

E‘effV„ 

Pb  “■  b* 


2E„E^ 

■  ”  E„+E^ 

t,+te 

C  = - n - 


E*c  _  E„Ei,7rVo^f+tc) 
Pb  ■"  (E„+EJb* 


For  lower  sheet  failure 


/  O’bu 

O’blX 

ctl  2Mo 

0-L 

1  Ev 

eJ 

'  Ev  1E„ 

Ex, 

/  0‘bu 

0‘nL\ 

-n  M 

2Ei,jrVottf+to) 

1  E„ 

eJ 

Ex,  j 

(E„+Ex,)b* 
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r 


For  upper  sheet  failure 


/O'bu _ o’bi,  \  _  /  1  1  \  2Eu5rVoltf+te) 

\  E„  “  Ex, ;  E„  Ex,  J  IE„+Ex,)b* 


For  lower  sheet  failure 


aVn+M)(E„+EJ 

ir1fx+tj[(a*+/ib')  {E„+EJ+a‘{l  -/t‘)2Ex,] 


+  (1 


|auATu-ax,AT,, 


For  upper  sheet  failure 


aVll+/i)(E„+EJ  f 

7r%+g[{a*+/ib*)  (Eu+Ei,)+a’{l  -/i*)2EJ 


ttlATL 


+  11 


Substituting  the  y  from  above  based  on  the  proper  face  sheet  failure  into 
the  P  equations  of  Page  37  and  accepting  the  minimum  negative  P  will  give  the 
critical  compressive  load  to  fail  the  panel. 

Due  to  the  assumption  of  an  effective  modulus  for  the  section,  these  equations 
are  modified  as  follows: 

2m  about  Ub 


P= 


+  U 


2m  about  Lb 


P= 


O’sulfllf +tc) 


(t,+u 
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APPENDIX  D 


ILLUSTRATIONS 
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EXPOSURE  TEMPERATURE 
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FIGURE  t  ULTIMATE  AND  YIELD  STRENGTH  AT  ROOM  TEMPERATURE  VS  THERMAL 
EXPOSURE  PARAMETER  FOR  COLD-ROLLED  TZM  MOLYBDENUM  SHEET 


TIME  TO  TEMP:  20  SECONDS 
SOAK  TIME;  90  SECONDS 

STRESS 

KSI 


0.1  in/  in  sec 


0.00005  in/in  sec 


FIGURE  2  EFFECT  OF  STRAIN  RATE  ON  THE  STRESS -STRAIN  CHARACTERISTICS 
OF  ARC -CAST  MOLYBDENUM  SHEET  WHEN  TESTED  AT  3000OF  IN 
ARGON  ATMOSPHERE 
(Reference:  DMIC  Report  No.  140) 


52 


*> 


avoi 


53 


FIGURE  3  MEAN  TEMPERATURE  AND  LOAD  RATE  PROFILE  OF  HEAT  SHIELDS 

VS  TIME  FOR  A  RE-ENTRY  TRAJECTORY 
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FIGURE  5  STRESS -TO-RUPTURE  STRENGTH  AT  VARIOUS  TEMPERATURES 
VS  THERMAL  EXPOSURE  PARAMETER,  TZM  MOLYBDENUM 


%  RECRYSTALLIZATION 
(Ten  Minutes  at  Temperature) 


EXTERNALLY  APPLIED  STRESS 


4  KSl 
•2  KSI 
•0  KSI 


FIGURE  6  EFFECT  OF  APPLIED  STRESS  ON  RATE  OF  RECRYSTALLIZATION 
VS  TEMPERATURE  ON  90.1%  REDUCED  TZM  MOLYBDENUM 
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ALTITUDE 


STAGNATION  PRESSURE  -  PSFA 
ALTITUDE  -  KILO  FEET 


SdiM  -  A110013A 
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FIGURE  7  VELOCITY,  ALTITUDE,  AND  STAGNATION  PRESSURE  VS  TIME  FOR  AN 
ESCAPE  VELOCITY  RE-ENTRY  TRAJECTORY 


FIGURE  8  AERODYNAMIC  HEAT  INPUT  (q),  AND  ACCELERATION  LOAD  FACTOR 

VS  TIME  FOR  ESCAPE  VELOCITY  RE-ENTRY 


Ho  -  aHnxvHaawai 
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FIGURE  9  MEAN  TEMPERATURE  RESPONSE  FOR  IDEALIZED  HEAT  SHIELD 

INSULATION  AND  STRUCTURAL  PANEL 


Cb  D-36,  K=r,  =  1.167  x  10" 
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FIGURE  10  STRUCTURAL  PANEL  PLATE  DIFFERENTIAL  TEMPERATURE,  Q  ,  VS  TIME 


TEMPERATURE 


E  = 


QUARTZ 

LAMP 


I  NATURAL  CONVECTIVE 
1  LOSS 


RADIATION 

SHIELD 


T 


STRUCTURAL 

PANEL 


FIGURE  11  STRUCTURAL  PANEL  TEMPERATURE  VS  TIME  -  LAB  TEST 

(SLOW  HEATING  SCHEDULE) 
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Heat  from  Lamps  -  BTU/ft  sec 


Cb  D-36  E  =  .8 


140  150 


TIME  -  SECONDS 

FIGURE  12a  TEMPERATURE  DIFFERENTIAL  FOR  STRUCTURAL  PANEL  - 

LABORATORY  TEST 


Btu/sec.  ft' 


140  150 


TIME  -  SECONDS 


FIGURE  12b  REQUIRED  RATE  OF  HEAT  OUTPUT  FROM  LAMPS  VS  TIME 

(SLOW  HEATING  SCHEDULE) 


(RAPID  HEATING  SCHEDULE) 

LAMP  HEAT  INPUT  =  .35  t  BTU 


I 
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(RAPID  HEATING  SCHEDULE) 
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(RAPID  HEATING  SCHEDULE) 


TEMPERATURE 


COMPARED  WITH  FLIGHT 


MEAN  TEMPERATURE  BASED  ON 
TRAJECTORY  DATA 
(FROM  FIGURE  3) 


RAPID  HEATING  SCHEDULE 


UPPER  SURFACE 
LOWER  SURFACE 
LAB  TEST  LAMP  HEAT  OUTPUT 


q  = 


dt 


.35 


Btu 

Ft^sec^ 


E  =  .8  =  2.57  Watts/in?sec 


p£ 

o 


I 


SLOW  HEATING  SCHEDULE 


0 - 


IIIIIIIIIIIU 


UPPER  SURFACE 

LOWER  SURFACE 

LAB  TEST  (SEE  FIGURE  6b 

FOR  LAMP  HEAT  OUTPUT) 


TIME  -  SECONDS 


FIGURE  15  STRUCTURAL  PANEL  TEMPERATURE  VS  TIME  FOR  LABORATORY 
HEATING  SCHEDULES  AND  COMPARED  WITH  FLIGHT 
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24"  X  36"  STRUCTURAL  PANEL  -  D-36 


(axvwinn  Noissaaawoo)  honi  ivaNii/#  aamiva 
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FIGURE  16  ULTIMATE  COMPRESSIVE  FAILURE  VS  TEMPERATURE 
DIFFERENTIAL  OF  D-36  COLUMBIUM 


24"  X  36"  STRUCTURAL  PANEL 
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FIGURE  17  ULTIMATE  COIPRESSIVE  FAILURE  VS  TEMPERATURE 
DIFFERENTIAL  OF  TZM  MOLYBDENUM 


EXPOSURE  TIME  -  6  MINUTES 


NoiivzmvisARoa^  % 
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FIGURE  19:  MICROSTRUCTURES  OF  .Oil"  T2M  RECRYSTALLIZATION  SPECIMENS 


As  Received 


2200°?,  6  min. 


2300OF,  6  min. 


2400°F,  6  min. 


Mag.  500X 


2600°F,  6  min. 


Etchant:  10  gm  K3Fe(CN)6 
10  gm.  NaOH 
200  ml  H2O 


FIGURE  20:  MICROSTRUCTURES  OF  .002"  TZM  RECRYSTALLIZATION  SPECIMENS 


Held  2  minutes 
at  2900°F  in  argon 

Etchant:  1  HF 

Mag.  lOOX  2  HNO3 

97  H2O 


FIGURE  21;  MICROSTRUCTURES  OF  .012”  TITANIUM  SHEET 


Specimen  Til  exposed  10 
minutes  at  2400°F  in  air 


Specimen  T12  exposed  10 
minutes  at  2600OF  in  air 

Etchant:  25  HF 

Mag.  lOOX  ’^2.5  HNO3 

12.5  H2SO4 
50  H2O 

FIGURE  22:  MICROSTRUCTURES  OF  .012"  TITANIUM  SHEET  COSTED 
WITH  .004"  Al203-2.5Ti02  AND  .002"  A1 
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Specimen  TG 

exposed  2  minutes  at  2400°F  in  argon 


Mag  lOOX 


Etchant:  25HF 

12.5  HNO3 
12.5  H2SO4 
50  H2O 


FIGURE  23:  MICROSTRUCTURE  OF  .012''  TITANIUM  SHEET  COATED  WITH  .004"  Al^O^-2. 5Ti02 
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Specimen  T28  exposed  10 
minutes  at  2400°?  in  air 


Specimen  T26  exposed  10 
minutes  at  2600°  in  air 


Mag.  75X 


Etchant:  25  HF 

12.5  HNO3 
12.5  H2SO4 
50  H2O 


FIGURE  24:  MICROSTRUCTURES  OF  .032"  TITANIUM  SHEET 
COATED  WITH  .003"  Cr  AND  .003"  A1 
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X60C 


FIGURE  25  2  MIL  D-36  BONDED  WITH  60  (10"^) 

IN,  TITANIUM  AT  ISOO^F  -10  MIN. 
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600X 


FIGURE  26a  2  MIL  TZM  BONDED  WITH  TITANIUM 

HYDRIDE  AT  1600°F  UNETCHED 


FIGURE  26b  2  MIL  TZM  BONDED  WITH  TITANIUM 

HYDRIDE  AT  1600°  FOR  10  MIN. 
MURAKAMIS  ETCH 


76 
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FIGURE  27  TZM  STRUCTURAL  PANEL,  CORNER  CLIP  TEST  FORM  DIE 
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FIGURE  28  TZM  STRUCTURAL  PANEL,  CORNER  CLIP  FORMING  TESTS  (.040  MAT.) 
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TABLE  2 


RECOMMENDED  PRE-BRAZE  CLEANING  PROCEDURES 
TZM  Cleaning  Procedure 

1.  Vapor  Degrease 

2.  Alkaline  Clean  -  6-10  oz./ga.l.  Wyandotte  WLG  at  180  +  lOT  for  5 
TO  10  min.  or  equivalent  alkaline  cleaner 

3.  Cold  Tap  Water  Rinse 

4.  Alkaline  Etch 
10  WT.  ^  NAOH 
5  WT.  ^  KM^04 
85  WT.  ^  H2O 

Use  5  min.  at  90  +  10“F  for  core  and  facings 

5.  Cold  Tap  Water  Rinse 

6.  Smut  Removal 

15  cc.  H2SO4  (965^) 

15  cc.  HCL  (38^) 

70  cc.  H2O 

12  GM.  Chromic  Acid 

Use  5  min.  at  120  +  10*F  on  core  and  facings 

7.  Cold  Tap  Water  Rinse 

8.  Distilled  Water  Rinse 

9.  Alcohol  Dip  (mandatory  on  core  -  optional  on  facings) 

10.  Air  Dry 

D-36,  Pure  Titanium,  and  TI-13V-1 1Cr-3Al  Cleaning  Procedure 

1.  Vapor  Degrease 

2.  Alkaline  Clean  -  6-10  oz./gal.  Wyandotte  WLG  at  180  +  10®F  for 

5  TO  10  MINUTES  OR  EQUIVALENT  ALKALINE  CLEANER 

3.  Cold  Tap  Water  Rinse 
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TABLE  2  (Continued) 


4.  Acid  Etch 

2.0  VOL.  io  HP  (505^) 

25.0  VOL.  HNO3  (70^) 

73.0  VOL.  ^  HgO  (distilled) 

Use  10  MINUTES  at  room  temperature  on  D-36  facings. 

Use  5  minutes  at  room  temperature  on  D-36  core. 

Use  1  TO  3  minutes  at  room  temperature  on  Ti  and  Ti -13V-1 1Cr-3Al 
braze  foils. 

5.  Tap  Water  Rinse 

6.  Distilled  Water  Rinse 

7.  Alcohol  Dip  -  (mandatory  on  core,  optional  on  facings  and  braze 
foils) 

8.  Aj  r  Dry 


83 


TABLE  3 


RECRYSTALLIZATION  DATA  FOR  .002”  TZM  FOIL  AND  .011"  TZM  SHEET 

^  Recrystallization 

Temperature  Time  .002"'  Foil  .011"  Sheet 


AS-RECEIVED 

.5 

1 

2000‘'F 

6.0  MIN. 

.5 

1 

2200 

6.0 

10 

1 

2300 

6.0 

15 

1 

2400 

6.0 

40 

1 

2500 

6.0 

100 

20 

2600 

6.0 

100 

75 

2700 

6.0 

100 

100 

2800 

6.0 

100 

100 

Note:  All  specimens  heated  at  approximately  650*F/min.  to  temperature 

AND  COOLED  BELOW  1500*F  WITHIN  ONE  MINUTE  IN  0.2  MICRON  OR  BETTER 
VACUUM. 
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TABLE  4 


BRAZING  ENVELOPE  COATING  EVALUATION  DATA 


.012"  PURE  TITANIUM 


Test 

Time  To 

Speci¬ 

Temp 

Failure 

^Hardness 

men 

Coating 

*F 

Min. 

KHN 

Notes 

TA 

Uncoated 

2400 

9.3 

Titanium  embrittled 

TB 

Uncoated 

2600 

3.5 

Titanium  embrittled 

TC 

Uncoated 

2900 

.9 

Titanium  embrittled 

TD 

Uncoated 

2400 

Specimens  held  2  min.  at 

TE 

Uncoated 

2600 

C  91 

TEMP.  IN  ARGON  AND  EX¬ 

TF 

Uncoated 

2900 

HIBITED  EXTREME  GRAIN 
GROWTH  &.  "orange  PEEL"  - 

ALL  SPECIMENS  DUCTILE 

AFTER  THERMAL  EXPOSURE 

Tl 

‘To04"  +  .001" 

2400 

10+ 

C  506 

Titanium  embrittled 

T7 

A1-2O3-2.  5Ti02 
.002**  +  .001" 

PLUS 

2400 

lOl- 

E  565 

T2 

pure 

Al 

2600 

10+ 

C  480 

Titanium  embrittled 

E  494 

T5 

2600 

10+ 

Titanium  embrittled 

T3 

2900 

1.2 

Titanium  embrittled 

T4 

2900 

1.1 

C  877 

Titanium  embrittled 

T8  j 

- 

2900 

3.9 

Titanium  embrittled 

Til 

’T004"  +  .001" 

2400 

lOf 

C  534 

Titanium  embrittled 

AL203-2.5TI02 

PLUS 

E  675 

Titanium  embrittled 

T12 

pure  Al 

2600 

lOf 

C  467 

E  492 

C  976 

Titanium  embrittled 

T13 

L. 

2900 

5.9 

E  948 

Titanium  embrittled 

T15 

“008"  +  .001" 

Al203”2,  5T I  Op 
.002**  +  .oor 

plus 

2400 

lOf 

C  422 

E  564 

Titanium  embrittled 

T16 

PURE 

Al 

2600 

10+ 

C  765 

E  790 

Titanium  embrittled 

T17  , 

2900 

3.0 

C  560 

Titanium  embrittled 

T18 

2900 

8.4 

E  940 

Titanium  embrittled 

TG 

.004" 

2400 

C  414 

Specimens  held  2  min.  at 

AL2O3-2.  5T 1 02 

E  467 

TEMP.  IN  ARGON  -  TITANIUM 

EMBRITTLED 

TH 

.004"  ZRO2 

2400 

Specimens  held  2  min.  at 

TEMP.  IN  ARGON  -  TITANIUM 

EMBRITTLED 

TJ 

Brutcher  Co. 

2400 

Specimens  held  2  min.  at 

Frit  No.  GM-875 


TEMP  IN  ARGON  -  TITANIUM 
EMBRITTLED 
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TABLE  4  (Continued) 


.012"  PURE  TITANIUM 


Test  Time  to 

Spec  I-  Temp  Failure  ^Hardness 


MEN 

Coating 

°F 

Min. 

KHN 

Notes 

TK 

TL 

GM-876 

GM-877 

2400 

2400 

Specimens  held  2  min.  at 

TEMP.  IN  ARGON  -  TITANIUM 

EMBRITTLED 

TM 

Ferro 

Frit 

CORP. 

No.  R707 

2400 

Specimens  held  2  min.  at 
TEMP.  IN  argon  -  titanium 

EMBRITTLED 

TN 

159-1 

2400 

Specimens  held  2  min.  at 

TEMP.  IN  ARGON  -  TITANIUM 

EMBRITTLED 

T22 

.  004" 
Al 

Cr  plus 

. 0035" 

2900 

.7 

Specimen  failed  due  to 

INCIPIENT  MELTING 

T28 

003" 

PURE  Cr 

PLUS 

2400 

10+ 

C  109 

E  113 

Titanium  ductile 

T26 

.  003" 

PURE  Al 

2600 

10+ 

C  217 

Titanium  slightly  embrittled 

T27 

2900 

1.3 

E  165 

Titanium  slightly  embrittled 

T29 

2900 

3.75 

Titanium  slightly  embrittled 

T30 

2900 

.6 

Titanium  slightly  embrittled 

T31 

006" 

PURE  Cr 

PLUS 

2600 

10+ 

Titanium  slightly  embrittled 

T32 

.  003" 

PURE  Al 

2600 

101- 

Titanium  slightly  embrittled 

T33 

2900 

.6 

Titanium  slightly  embrittled 

T34 

2900 

.6 

Titanium  slightly  embrittled 

T35 

.  003" 

.  006" 

PURE  Cr 

Al 

PLUS 

2900 

.1 

Titanium  slightly  embrittled 

T47 

.  003" 

MoS  1 2 

2900 

10+ 

Titanium  embrittled 

T48 

.  003" 

MoS  1 2 

2900 

5.1+ 

Titanium  embrittled 

T49 

.  003" 

M0S12 

2900 

1.5 

Titanium  embrittled 

T39 

.006" 

MoSig 

2600 

10+ 

Titanium  embrittled 

T40 

.006" 

MoS  I2 

2900 

1.45 

Titanium  embrittled 

T41 

.006" 

MoS  I2 

2900 

4.0 

Titanium  embrittled 

T50 

.006" 

MoS  1 2 

2900 

1.5 

Titanium  embrittled 
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TABLE  4  (Continued) 


.015"  F82 

Speci¬ 

men 


Test  Time  to 

Temp  Failure  ^Hardness 

Coating _ *F  Min.  KHN  Notes 


Cl 

.004" 

AL2O3-2. 5T 1O2 

2900 

C2 

.004" 

AL2O3-2. 5T 1 02 

3200 

C3 

.004" 

ZROg 

2900 

C4 

.004" 

Zr02 

3200 

.  029" 

F82 

C5 

.004" 
plus  , 

AL2O3-2. 5T 1 02 
.003"  PURE  Al 

2900 

C6 

.  004" 

PLUS  . 

AL2O3-2. 5T 1 O2 
,003"  PURE  Al 

3200 

C7 

.  004" 

AL2O3-2, 5T 1 02 

3200 

CIS 

.006" 

AL2O3-2.5T1O2 

3200 

C14 

.006" 

AL2O3-2. 5T 1 O2 

3200 

C15 

.006" 
PLUS  . 

AL2O3-2.  5T1O2 
003"  PURE  Al 

3200 

C16 

.006" 
PLUS  . 

AL2O3-2. 5T 1 02 
003"  PURE  Al 

3200 

C8 

.  003" 

.  003" 

PURE  Cr  plus 

PURE  Al 

2900 

C9 

.  003" 
.003" 

PURE  Cr  PLUS 

PURE  Al 

3200 

CIO 

.  003" 
.003" 

PURE  Cr  plus 

PURE  Al 

3200 

C11 

.  003" 

M0S12 

2900 

C12 

.  003" 

MoS  1 2 

2900 

*  C  = 

microhardness  at  center 

E  -  microhardness  at  edge 


Specimens  held  2  min.  at 
TEMP  IN  argon  -  r82  WAS 
DUCT  I LE 

Specimens  held  2  min.  at 
TEMP.  IN  argon  -  F82  WAS 
DUCT  I LE 

Same  as  Cl  and  C2 
Same  as  Cl  and  C2 


4.6 

F82 

EMBR 1 TTLED 

3.6 

F82 

EMBRITTLED 

4.3 

F82 

EMBRITTLED 

.6 

F82 

EMBRITTLED 

in 

to 

F82 

EMBRITTLED 

2.0 

F82 

EMBRITTLED 

1.5 

F82 

EMBRITTLED 

9.1 

F82 

EMBRITTLED 

2.2 

F82 

EMBRITTLED 

1.2 

F82 

EMBRITTLED 

.1 

F82 

EMBRITTLED 

2.2 

F82 

EMBRITTLED 
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DISTRIBUTION  LIST  FOR  INTERIM  ENGINEERING  PROGRESS  REPORT 


DATE:  30  October  1962 


CONTRACT  NR.  AF  33(657)-8910 
GOVERNMENT 


Organization  Copies 


Aeronautical  Systems  Division  6 

Fabrication  Branch  (ASRCTF) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  2 

Attn:  ASRCEM  (Mrs.  Ragen) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Applications  Branch  (ASRCE) 

Attn:  Mr.  J.  Teres 
Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 


Applications  Branch  (ASRCEE-1) 

Attn:  2nd  Lt.  W.  F.  Payne 
Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Directorate  of  Materials  and  Processes 
Attn:  ASRC  (Dr.  A.  M.  Lovelace) 

Wright-Patterson  AFB.  Ohio 

Aeronautical  Systems  Division  1 

Structures  and  Weight  Branch 
Attn:  ASMRFS  (Mr.R.  Brislawn) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Attn:  ASRCEA  (Dr.  E.  E.  Jukkola) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Attn:  ASRSMX-1  (Mr.  F.  Anderson) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Attn:  ASRCEE  (L.  N,  Hjelm) 

Wright-Patterson  AFB.  Ohio 

Aeronautical  Systems  Division  1 

Attn:  ASRCM  (Mr.  N.  Grier) 

Wright-Patterson  AFB,  Ohio 


Organization 

Aeronautical  Systems  Division 
Attn:  ASRCM  (Mr.  T.  Cooper) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division 
Attn:  ASRCEM  (Mr.  Shinn) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division 
Flight  Dynamics  Laboratory 
Attn:  ASRMDS-21  (Mr.  P.  Plank) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division 
Structures  and  Weight  Branch 
Attn:  ASRDRFS  (Mr.  H.  J.  Middendrop) 

Wright-Patterson  AFB,  Ohio 

Aeronautical  Systems  Division  1 

Attn:  ASRMDS-1 
Wright-Patterson  AFB ,  Ohio 

Armed  Services  Technical  Indormation  Agency  30 

(ASTIA  release  to  OTS  is  not  authorized) 

Attn:  TISIA-1 
Arlington  Hall  Station 
Arlington  12,  Virginia 

Army  Ballistic  Agency  1 

Attn:  ORDAB-55  (Col.  G.  P.  Levy) 

Redstone  Arnenal,  Albania 

Bureau  of  Naval  Weapons  1 

Department  of  the  Navy 

Attn:  RRMA-24  (Mr.  R.  Gustafson) 

Washington  35,  D.  C. 

Bureau  of  Naval  Weapons  1 

Industrial  Division  (PID-2) 

Washington  25,  D.  C. 

AFSC  Ballistic  Systems  Division  1 

P.  0.  Box  363 

Attn:  Major  A,  F.  Lett 

AF  Unit  Post  Office 

Los  Angeles  45,  California 

Commanding  General  1 

Redstone  Arsenal 

Attn:  ORDXR-RMD-M 

Rocket  and  Guided  Missile  Agency 

Redstone  Arsenal,  Alabama 


Copies 

1 

1 

2 

1 
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Organization 


Copies 
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Department  of  Navy 
Bureau  of  Aeronautics 
Industrial  Planning  Division 
Attn:  ARR  IP- 4 
Washington  25,  D.  C. 

Federal  Aviation  Agency  2 

Attn:  Mrs.  J.  Barriage 
FS-20 

Washington  25,  D.  C. 

Foreign  Technology  Division  2 

Attn:  TD-E28 

Wright-Patterson  AFB,  Ohio 

National  Aeronautics  and  Space  Administration  1 

Langley  Research  Center 
Attn:  Librarian 
Langley  AFB,  Virginia 

Commanding  Officer  1 

Ordnance  Materials  Research  Office 

Attn:  Mr.  A.  F.  Jones 

Watertown  Arsenal 

Watertown  72,  Massachusetts 

National  Aeronautics  and  Space  Administration  1 

George  C.  Marshall  Space  Flight  Center 
Attn:  J.  E.  Kingsbury  (M-S&M-ME) 

Huntsville,  Alabama 

INDUSTRIES 


Organization  Copies 

Aerodynamics  Corporation  2 

Attn:  Mr.  Louis  Canter 
Chief  Librarian 
San  Diego  12,  California 

Aerojet-General  Corporation  2 

Attn:  Library 

6362  North  Irwindale  Avenue 

Azusa,  California 

Aeronca  Manufacturing  Corporation  2 

Attn:  Engineering  Library 
Middletown,  Ohio 
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Aeronutronic 

Division  of  Ford  Motor  Company 
Attn:  Mr.  W.  Davenport 
Ford  Road 

Newport  Beach,  California 

Aerospace  Corporation 

Attn:  Library  of  Technical  Reports 

2400  East  El  Segundo  Blvd. 

El  Segundo,  California 

AiResearch  Manufacturing  Company 
Attn:  Chief  Engineer 
4851  Sepulveda  Blvd. 

Los  Angeles  45,  California 

American  Machine  and  Foundry 
Attn:  Engineering  Library 
1025  Royal  Street 
Alexandria,  Virginia 

AVCP  Corporation 
Attn:  Mr.  W.  D.  Hudson 

Asst.  General  Manager 
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AVCO  Corporation 
R&D  Division 
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P.  0.  Box  1 
Buffalo  5,  New  York 

Bell  Aerosys terns  Company 
Division  of  Bell  Aerospace  Corp. 
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Bendix  Products  Division  1 

Missiles  Department 

Chief,  Airframe  Design  Group 

400  S.  Reigers  Street 

Mishawaka,  Indiana 

Boeing  Company  2 

Attn:  Technical  Library 
P,  0.  Box  3707 
Seattle  24,  Washington 

Boeing  Company  1 

Attn:  L.  B.  Barlow 

Manager  Manufacturing 
Seattle  24,  Washington 

Cessna  Aircraft 
Attn:  R.  L.  Lair 

Plant  Manager 
Prospect  Plant 
Wichita,  Kansas 

Chrysler  Missile  Division  1 

Chrysler  Corporation 

Attn:  Executive  Engineer 

P.  0.  Box  2628 

Detroit  21,  Michigan 

Douglas  Aircraft  Company,  Inc.  1 

Attn:  Technical  Library 

El  Segundo  Division 

827  Laphan  Street 

El  Segundo,  California 

Douglas  Aircraft  Company,  Inc.  1 

Attn:  A.  J.  Caran 

Chief  Engineer 
3000  Ocean  Park  Blvd. 

Missiles  and  Space  Systems  Engineering 
Santa  Monica,  California 

Douglas  Aircraft  Company,  Inc.  1 

Santa  Monica  Division 
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Attn:  Mr.  G.  E.  Brockrath 

3000  Ocean  Park  Blvd. 

Santa  Monica,  California 
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E.  I.  Du  Pont  Company 
Attn:  W.  B.  Delong 
Wm,  Wartel 
Wilmington,  Delaware 

Fairchild  Aircraft  and  Missile  Division 
Fairchild  Engine  and  Airplane  Corp. 

Attn:  L.  S.  Carroll,  Jr. 

Hagerstown,  Maryland 

Forest  Products  Laboratory 
Attn:  Mr.  E.  W.  Kuenzi 
Madison  5,  Wisconsin 

Garrett  Corporation 

Air  Research  Manufacturing  Division 

302  S.  36th  Street 
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Attn:  Dr.  A.  H.  Hausrath  (Zone  597-30) 
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General  Dynamics /Fort  Worth 

Fort  Worth  Division 

Attn:  Mr.  L.  M.  Smith  (Zone  C-66) 

Fort  Worth,  Texas 

General  Dynamics/Fort  Worth 
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Manufacturing  Engineer 
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Fort  Worth,  Texas 

General  Electric  Company 
Missile  and  Space  Vehicle  Dept. 

Attn:  Mr.  L,  H.  Shener,  Manager 

Materials  Applications,  Rss 
3198  Chestnut  Street 
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General  Motors  Corporation 
Allison  division 
Attn:  Technical  Library 
W.  F.  Egbert 
P.  0.  Box  893 
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Goodyear  Aircraft  Corporation 
Attn:  Chief  Engineer 
1210  Massillon  Road 
Akron  15,  Ohio 

Hughes  Aircraft  Division 
Attn:  Librarian 
Florence  and  Teale  Streets 
Culver  City , California 

Hexcel  Products , Inc. 

Attn:  J.  P.  Schafer 
2332  -  4th  Street 
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Ling-Temco-Vought,  Incorporated 
Attn:  George  Casper 

Manufacturing  Engineering 
P.  0.  Box  5907 
Dallas,  Texas 

Lockheed  Aircraft  Corporation 
Attn:  S.  N.  Bean 

Chief,  Mfg.  Engineer 
Marietta,  Georgia 

Lockheed  Aircraft  Corporation 
Missiles  and  Space  Division 
Attn;  Mr.  R.  E.  Crawford 
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Lockheed  Aircraft  Corporation 
Attn:  Mr.  G.  Richmond 
Dept.  Engineer,  72-21 
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Organization 


Copies 


Marquardt  Corporation  1 

Attn:  J.  W.  Chambers  -  Sam  Sklarew 
16555  Saticoy  Street 
Van  Nuys ,  California 

Martin  Company  1 

Attn:  AUTAC,  Research  Library  A- 52 
Box  179 

Denver  1,  Colorado 

The  Martin  Company  1 

Denver  Division 

Attn:  J.  J.  Burns 

Mail  No.  A-92,  Post  Office  Box  179 

Denver,  Colorado 

Martin  Marietta  Corporation  2 

Attn:  J.  W.  McCown 
Baltimore  3,  Maryland 

Martin  Marietta  Corporation  2 

Attn:  M.  Schwartz 
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McDonnell  Aircraft  Corporation  1 

Attn:  A.  J.  Burke,  Methods  Engineer 
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Narmco  Research  and  Development  1 
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Downey,  California 

North  American  Aviation,  Inc.  1 

Structures  R&D  Group 

Los  Angeles  International  Airport 
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North  American  Aviation,  Inc. 

Metallic  Materials  Laboratory  -  R&D 
Attn:  G,  C.  Fairbairn  -  Group  Leader 
Los  Angeles  International  Airport 
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Metallic  Materials  Laboratory  -  R&D 
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Attn:  J.  P.  King  -  St.  Engineer 

Los  Angeles  International  Airport 
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Applied  Research  and  Development 
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Attn:  H.  P.  Rasp,  Mfg.  Methods 
Post  Office  Box  878 
Chula  Vista,  California 
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Rohr  Aircraft  Corporation 
Attn:  H.  M,  Rush 

AIA  Representative 
Chula  Vista,  California 

Ryan  Aeronautical  Company 
Attn;  L.  J.  Null 

Materials  and  Process  Division 
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